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Smouldering remediation is a promising technique for destroying organic contaminants in soil. 
Forced airflow is vital to supporting the smouldering reaction and to propagate it through the 
contaminated zone. This research focuses on investigating the effects of permeability 
heterogeneity on smouldering. A series of unique column experiments, combined with 
numerical model simulations, were conducted. The results suggest that smouldering can 
successfully propagate through layers in series despite more than a 1000:1 permeability 
contrast. However, extinction can occur in the finer layer when smouldering propagates 
through layers in parallel with a permeability ratio above 3:1. Extinction may occur due to 
insufficient airflow in the fine layer or due to conductive heat losses from the fine to coarse 
layers. However, for more complex heterogeneity, smouldering extinction can be eliminated. 
Overall, this research provides unique insights into managing heterogeneous soils to ensure the 
successful application of smouldering remediation.  
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Summary for Lay Audience 
Industrial processes have led to pollution of the environment, including soils and groundwater 
near former factories. Hydrocarbons, such as tars and petroleum products, are among the most 
significant challenges in the field of subsurface cleanup. Smouldering combustion, like 
glowing red charcoal in a barbeque, is a new approach for the destruction of these pollutants. 
Injecting air into the soil is needed to support this cleanup technique and most soils occur in 
layers. Therefore, understanding the factors that affect airflow and smouldering patterns in 
layered soils will help improve the smouldering cleanup of these sites.  
A series of smouldering column experiments, combined with computer modelling, were 
conducted to study the impact of soil layering. The results show how most air flows through 
the more conductive soil layer, and this can make treatment of the finer layers difficult in 
certain cases. Besides, loss of heat between layers can cause the treatment to fail in some cases. 
However, in other cases, smouldering can be successful in all layers, despite large differences 
in soil types. By explaining the key differences between these cases and how they affect 
smouldering treatment, it is expected that more polluted sites will be successfully cleaned up 
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1.1 Problem Overview 
Non-aqueous phase liquids (NAPLs) are liquid contaminants that are immiscible with water 
and can be sources of long-term groundwater pollution in the subsurface because of accidental 
spills or improper disposal (NRC, 1997; Aggelopoulos et al., 2015). Due to widespread 
industrial activities in the 20th century and a lack of environmental regulations, sites around 
the world are contaminated by NAPLs (Gaylor et al., 2000; Gerhard et al., 2007; U.S. EPA, 
2009; Kueper et al., 2014). According to the U.S. National Research Council (NRC) review, 
there are roughly 100, 000 NAPL contaminated sites in the U.S., where complete remediation 
strategies will not be possible within a reasonable time frame (NRC, 2013; Kueper et al., 2014). 
This is largely due to the lack of robust and economical remediation technologies available. 
Most current NAPL remediation technologies are capital intensive, where an assessment from 
United States Environmental Protection Agency showed that more than $209 billion dollars 
will be needed over the next 30 years to remediate around 300, 000 sites in U.S. (U.S. EPA, 
2004). 
One promising alternative remediation technology is Self-sustaining Treatment for Active 
Remediation (STAR), which destroys NAPL contaminants embedded in subsurface porous 
media via smouldering combustion. Smouldering is a slow, controllable, and flameless form 
of combustion, sustained by the heat generated from heterogeneous oxidation where oxygen 
directly interacts with the surface of condensed-phase fuels (Ohlemiller, 1985; Switzer et al., 
2009). Multiple laboratory experiments and successful field applications have shown that 





(Pironi et al., 2009, 2011; Switzer et al., 2009, 2014). However, like other remediation 
technologies, STAR is sensitive to subsurface heterogeneity, especially to permeability 
differences (i.e., how easily a fluid flows through porous media). For example, Scholes et al. 
(2015) showed that, during a pilot field test of STAR, preferential smouldering occurred 
through a highly permeable waste-brick layer.  
Currently, few studies have examined the effects of permeability heterogeneity on smouldering 
propagation. Akkutlu and Yortsos (2005) developed an analytical solution for in situ 
combustion (an oil recovery technology based on smouldering) in adjacent parallel layers with 
different permeabilities. Akkutlu and Yortsos (2005) showed conductive heat transfer between 
two layers, term greatly retarded smouldering propagation velocity in 
the high permeability layer and slightly increased propagation velocity in the low permeability 
layer. MacPhee et al. (2012), Hasan et al. (2015), and Solinger et al. (2019) developed a two-
dimensional, phenomenological in situ smouldering numerical model (ISSM) to approximate 
the smouldering reaction evolution under various heterogeneous conditions. As observed by 
Scholes et al. (2015), these studies showed that permeability heterogeneity, from low 
permeability lenses, can encourage preferential smouldering due to air channelling and leave 
sections untreated. However, as the ISSM did not simulate temperature evolutions throughout 
space and time, the contributing temperature effects were not explored (e.g., changing 
thermophysical properties like density or viscosity with temperature, or thermal coupling) 
(MacPhee et al., 2012).  
Although existing research suggests that intrinsic permeability and heterogeneity may 
significantly influence smouldering remediation, no studies have examined the effects 





1.2 Research Objective 
The objective of this work is to address this knowledge gap and better understand the role of 
intrinsic permeability and heterogeneity on smouldering treatment. To achieve this, a 
laboratory-based experimental study was conducted to explore the practical limits of 
smouldering treatment with layers of varying permeabilities and orientation (i.e., layers in 
series, in parallel and combined series and parallel) relative to the direction of smouldering. 
All smouldering tests used established experimental procedures and data analysis techniques 
to characterize the smouldering performance, although particular focus in this work on 
implementing air pressure measurements throughout the layers provided a new understanding 
of these beneficial datasets. Simulations of some experimental cases with the ISSM provided 
additional support in understanding the experimental results. 
Overall, this work provides unique insights into how intrinsic permeability and heterogeneity 
affect smouldering propagation. This insight has significant implications towards 
implementing STAR in real-world field sites, which often exhibit heterogeneity, and in 
reactor-based applications where the degree of heterogeneity can be controlled. In a broader 
sense, these results are expected to help improve basic understanding of smouldering science 
as well as the application of other remediation and porous media technologies associated 
with heated airflow in layered systems, such as thermal desorption. 
1.3 Thesis Outline 
This thesis is written in an integrated article format in accordance with the guidelines and 
regulations stipulated by the Faculty of Graduate Studies at the University of Western 





Chapter 2 is a review of the relevant literature and presents an overview of existing 
remediation technologies for NAPL contamination. Relevant mass and heat transfer through 
porous media are reviewed. Furthermore, an introduction to smouldering combustion and 
STAR is presented, in which key parameters that affect smouldering are reviewed. 
Chapter 3 presents all the results from the laboratory experiments and ISSM simulations that 
investigated the effect of intrinsic permeability and heterogeneity on smouldering 
propagation. This chapter is written in a manuscript format for future submission to a peer-
reviewed journal. 
Chapter 4 summarizes all key observations, conclusions and limitations in this study, 
including recommendations for future research. 
Appendices provide supplemental information, which are referenced throughout the thesis. 
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NAPLs are liquid contaminants which exist as a separate, immiscible phase when in 
contact with water (U.S. EPA, 1995). Common examples of NAPLs include petroleum 
hydrocarbons, chlorinated solvents, pesticides, herbicides, creosote, coal tar and 
polychlorinated biphenyls (Mercer and Cohen, 1990). Within the last 70 years, these 
compounds were heavily used throughout the industrialized world (Kueper et al., 2014). 
However, due to a lack of understanding regarding the fate and transport of these 
contaminants in the subsurface, along with underestimating the risks associated with their 
toxicity, environmental regulations significantly lagged behind their production, use, and 
disposal in the industry (Pankow and Cherry, 1996). As a result, improper disposal and 
accidental spills have led to widespread NAPL contamination at hazardous waste sites 
around the world. These NAPL contaminated sites pose a serious threat to humans and 
surrounding natural ecosystems (Pankow and Cherry, 1996).  
Unfortunately, once NAPLs enter the subsurface, they are very challenging to remediate. 
These remediation challenges are due to the multiphase interactions between NAPLs, air, 
water and soil, and subsurface heterogeneity, which explain why traditional remediation 
technologies and strategies are capital-intensive and time-consuming. For example, thick 
confining layers (e.g., clay) and bedrock formations with low permeability may initially be 
a sink for contaminants, where dissolved NAPL will diffuse into these formations. 





the dissolved NAPL that first diffused in these formations may back diffuse into the 
surrounding groundwater. This back diffusion may significantly lengthen the time to 
complete remediation and is a major challenge for remediation practitioners (Coutelieris 
and Delgado, 2012). Therefore, it is challenging to remediate a NAPL contaminated site 
completely in a cost-effective manner, particularly at large-scale sites (Kueper et al., 2014). 
2.1.2 Remediation Options 
With the improvement of environmental legislation since the 1970s (especially with the 
Superfund legislation (Hird, 1993)), there was a surge of activities towards improving 
disposal practices at operating industrial facilities, and remediation of previously 
contaminated sites (Rosenbaum, 2019). This led to a strong need for innovative NAPL 
remediation technologies. According to U.S. EPA (2002), over a 17-year period from 
1982 through 1999, more than 2200 Records of Decision (RODs) had been signed for 
1451 Superfund sites, including 787 contaminated groundwater sites. As for the 
remediation strategies at these sites, U.S. EPA (2002) showed that pump and treat (P&T) 
had been the most popular remediation strategy but decreased from 92% in 1986 to 30% 
in 1999, whereas alternative methods, such as monitored natural attenuation, increased 
from 8% in 1986 to 44% in 1998. Likewise, other in situ treatment technologies including 
air sparging and bioremediation increased from 9% (1995) to 35% (1999) (U.S. EPA, 
2002). These trends showed that even though P&T was still the most popular remediation 
strategy, other alternative technologies were gaining widespread acceptance and are 







(1) Air Sparging 
Air sparging is an in situ remediation technology that is best suited for volatile organic 
compounds, which are commonly found adsorbed to soils and dissolved in the groundwater, 
e.g., lower chlorinated ethenes (trichloroethylene, dichloroethene) and lower chlorinated 
ethanes (trichloroacetic acid and dichloroacetic acid) (ESTCP, 2001). Air is bubbled into 
the subsurface, below the water table within the NAPL plume, and the contaminant mass 
is transferred from the dissolved and adsorbed phase to their vapour phase (U.S. EPA, 
2017). Because of buoyancy, the air bubbles move upward towards the vadose zone, where 
the air is usually collected for central processing, typically with a soil vapour extraction 
(SVE) system (Figure 2.1). When air sparging is combined with SVE, the SVE system will 
provide a negative pressure zone above the target zone through soil vapour extraction wells, 
extracting the vapour phase of contaminants as well as controlling the movement of vapour 
plume. 
 





(2) Permeable Reactive Barrier 
A permeable reactive barrier (PRB) is an engineered zone consisting of reactive media, 
which is placed in the aquifer flow path to passively remediate contaminants as the 
groundwater flows through it, see Figure 2.2 (Naftz et al., 2002).  
 
Figure 2.2: Conceptual schematic of an in-situ permeable reactive barrier (Maitra, 
2019). 
Besides the physical processes in the barrier, including precipitation and sorption, 
researchers reported that biological reactions are important mechanisms of contaminant 
removal in PRBs since contaminants directly contact with media (Atlas and Philp, 2005; 
Thiruvenkatachari et al., 2008; Obiri-Nyarko et al., 2014). Various bio-enhancement 
methods have been proposed to improve the bio-remediation activities in PRB (Maitra, 
2019). For example, reactive barriers containing oxygen-releasing compounds have been 
applied successfully to stimulate aerobic bio-degradation of monoaromatic hydrocarbons 





PRB can be an efficient in situ remediation technology, which is able to remove both 
organic and inorganic contaminants from the groundwater, including heavy metals and 
chlorinated compounds.  
(3) Thermal Conduction Heating  
Thermal conduction heating is a soil remediation process where heat and vacuum are 
applied simultaneously, as shown in Figure 2.3 (Stegemeier and Vinegar, 2001). During 
the process, energy radiating from thermal wells diffuses into the adjacent treatment area, 
typically to peak temperatures between 800  and 900 . As soil is heated, the 
contaminants in the soil are volatilized or destroyed by oxidation or pyrolysis reactions. 
The emissions (e.g., vaporized water, volatile matter, hydrocarbon) are drawn out via the 
vacuum inside the heater and collected for further treatment. In practice, most contaminants 
are destroyed at high temperatures before they reach the surface area (Stegemeier and 
Vinegar, 2001). 
 






In summary, all remediation technologies have unique strengths for various site conditions. 
For example, air sparging is a good technology to remove light non-aqueous phase liquids 
(LNAPLs), as it is easy to install in the field and requires a short treatment period for 
LNAPLs, compared to other remediation technologies (U.S. EPA, 2017). PRBs are well 
suited to handle complicated plume structures by stretching the PRB over these 
complexities (U.S. EPA, 2000; Maitra, 2019). Thermal conduction heating is a fast 
treatment technology with a high removal rate for most volatile and semi-volatile organic 
pollutants, and can be enhanced by injecting air near the heated area, that is, combined with 
air sparging (Stegemeier and Vinegar, 2001). However, each technology also has unique 
limitations. Air sparging is hard to apply in the confined aquifers or stratified soils because 
of the high pressures required. Furthermore, air sparing may also cause unexpected 
migration of contaminants (U.S. EPA, 2017). As PRBs are intended to treat plumes, they 
are not well suited to treat insoluble or immobile contaminants. Additionally, the efficiency 
of PRBs depends on the groundwater flow rate. Therefore, areas with low flow, e.g., due 
to minimal water head changes or low soil permeability, require a long time to treat a 
slowly travelling plume (Maitra, 2019). Because thermal conduction heating needs to heat 
the whole target site to a certain temperature, it is limited by the thermophysical properties 
of soils, weather conditions, and it may require a high density of wells and a large energy 
input.  
Altogether, even though there are promising remediation technologies for specific site 
conditions, no technology can deal with all contaminants at all sites. There are no silver 





contaminant chemistry and subsurface conditions to best choose (possibly multiple) 
suitable remediation technologies (U.S. EPA, 2018). 
2.2 Porous Media 
2.2.1 Introduction 
A porous medium is defined as a material that consists of a solid matrix with an 
interconnected network of pores (Nield and Bejan, 2013). It is widely accepted that most 
materials in the real world are, to some extent, porous, so it is difficult to find a perfectly 
- and Delgado, 2012). Common examples of natural 
porous media are beach sand, sandstone, and limestone. The characteristics of porous 
media are mainly determined by the structure of the pores, in which the interconnectedness 
of the pores allows single or multiple fluids to pass through the medium. 
 
Figure 2.4: Examples of natural porous materials: (a) beach sand, (b) sandstone and 
(c) limestone (Nield and Bejan, 2013). 
2.2.2 Porosity 
As the flow and other transport processed through a porous medium are complicated at the 
pore scale, it is often convenient to average the medium properties over a larger scale 





approach, a representative elementary volume (REV) is used as a macroscopic scale to 
describe meaningful properties over a sufficiently large volume, which is widely used 
(Domenico and Schwartz, 1998). In the statistical approach, an ensemble of possible pore 
structures that are macroscopically equivalent are averaged. However, this approach does 
not maintain the heterogeneous characteristics, as the differences are averaged out (Nield 
and Bejan, 2013). 
 
Figure 2.5: The illustration of the representative elementary volume (Nield and Bejan, 
2013). 
The porosity  is a REV scale parameter that defines as the volume fraction of pores; thus, 
1-  is the volume fraction of the solid matrix. Usually, it is assumed that all pores are 
interconnected inside the porous media; however, it is more common to find isolated and 
disconnected pores. An can be defined based on the fraction of 
connected pores (Nield and Bejan, 2013). In a natural porous medium, the porosity rarely 
exceeds 0.6, for example, the porosity of silica sand can vary from 0.2 (poorly sorted) to 
0.5 (well sorted). However, engineered porous media vary much more widely depending 
on the application, such as metallic foams with the porosity around 1. In addition, the non-





play an important role in the fluid transport rate through the porous media because of the 
different particle arrangement near the boundaries compared to the bulk media. When the 
boundary is a confining solid, the larger porosities close to the surface reduce the local 
resistance to fluid flow, increasing the local fluid velocity within this area, i.e., channelling 
(Kaviany, 1991).  
 
The process of fluid flow through porous media is of great interest to hydrogeologists and 
geotechnical engineers (Whitaker, 1986). The first one-dimensional empirical equation 
was experimentally determined by Darcy in 1856,  which 
generally describes groundwater flow in most natural settings, though it breaks down at 
 in karst formations with large pores or high velocity zones 
near well screens (Schwartz and Zhang, 2003). 
As shown in Figure 2.6, an energy gradient, as observed as the different heights the fluid 
rises at two points (piezometric head), will drive flow, where the amount of energy lost is 
due to friction as the fluid flows through the porous media (Schwartz and Zhang, 2003). 
From 35 seminal experiments, Darcy (1865) found that the flow rate through a porous 
medium was proportional to the piezometric head difference, expressed mathematically as: 
                                             (1) 
here  is volumetric flow rate (m3/s),  is hydraulic conductivity (m/s),  is cross-
sectional area (m2),  is the difference piezometric head (m),  is the length of the 
sand column (m),  is fluid flux (m/s),  is the piezometric head gradient within a 





which refers to the ability of a medium to transmit fluids and is dependent on properties 
of the fluid (i.e., density and viscosity) and the medium (permeability).  
 
Figure 2.6: Laboratory apparatus to demonstrate 
Schwartz, 1998). 
Intrinsic permeability is embedded within hydraulic conductivity, revealing the effect of 
porous media structure, e.g., interconnectedness of pores, size of pores, on the fluid flow. 
The relationship between hydraulic conductivity and intrinsic permeability is defined by 
(Schwartz and Zhang, 2003): 
                                                             (2) 
here  is intrinsic permeability (m2) of the porous medium,  and  are density (kg/m3) 
and viscosity (kg/m/s) of the fluid, respectively, and  is gravitational acceleration (m/s2).  
The Kozeny-Carman equation, derived by Kozeny (1927) and Carman (1937,1956), 
highlights the relationship between permeability, and porosity and particle size of the 
material, which assumes a porous medium is comprised of perfectly round spheres with 





                                                     (3) 
here  is the KC constant,  is the porosity of the material and  is the mean diameter for 
hypothetical spherical solid particles (m) (Xu and Yu, 2008). Five is a typical value widely 
used for , whereas experiments, numerical calculation and numerous theoretical models 
indicate that the Kozeny-Carman equation does not lead to a constant , which is affected 
by the porosity, microstructure of pores and capillaries (Happel and Brenner, 1986; 
Kaviany, 1991). 
2.2.4 Heterogeneity 
The classical definition in Equation 2 considers that the porous medium has uniform 
properties in a given direction, i.e., isotropic, and is the same from point to point, i.e., 
homogeneous. In real life, most porous media do not satisfy these conditions and are, to 
some degree, heterogeneous and anisotropic (Schwartz and Zhang, 2003). Based on the 
data compiled by Scheidegger (1974), Bejan and Lage (1991), it showed permeability 
difference of common porous materials can easily be up to four orders of magnitude (e.g., 
10-10 m2 for sand and 10-14 m2 for silica powder). Research on heterogeneity in natural 
geological systems has shown substantial soil variabilities even at the same site. For 
example, Pryor (1973) found that samples from the same river bar had permeabilities 
ranging from 2.5 10-15 m2 to more than 1 10-10 m2. 
The influence of permeability heterogeneity is a major challenge for mapping 
contamination, as it governs the transport behaviour of pollutants. In aquifers, 
contaminant plume distributions are often difficult to predict in highly heterogeneous 





properties (Levy and Berkowitz, 2003; Berkowitz et al., 2006;  Hunt 
et al., 2011; Fiori et al., 2013). As a specific example, Page et al. (2007) studied the role 
of heterogeneity on mass flux from DNAPL source zones in a series of intermediate-scale 
tank experiments, and it was observed that DNAPL preferentially migrated between the 
sand lenses of greatest permeability by pore-scale fingering.  
Aside from contaminant transport, permeability heterogeneity is also critical for 
remediation strategies, especially those that involve the injection of a fluid, such as 
chemical oxidation and air sparging. During the chemical oxidation process, oxidants 
(e.g., potassium permanganate) are injected underground into contaminated areas. During 
injection, the permeability heterogeneity effectively governs where the oxidants are 
transported, resulting in an intensive dose in high permeability areas, whereas little 
treatment in the low permeability areas (Seol et al., 2003). The problem is very similar 
for air sparging, as another fluid, i.e., air, is injected into the subsurface below the lowest 
known point of contamination. Reddy and Adams (2001) found that when the 
permeability ratio ( / ) between two adjoining layers or lenses is greater than 
10:1, such as fine materials embedded in coarse sand, air bypasses the lower permeability 
areas, resulting in limited contaminant removal in the fine layers (Figure 2.7). In this 
scenario, contaminant removal from the low permeability areas will be driven by 
diffusion due to the concentration gradient induced by air sparging, which is slow and 







Figure 2.7: Airflow pattern in coarse uniform sand with fine uniform sand lenses 
(Reddy and Adams, 2001). 
2.2.5 Heat Transfer Through Porous Media 
Heat transfer occurs anywhere that a temperature difference exists, and occurs as 
conduction, convection and radiation (Figure 2.8). 
 
Figure 2.8: Conduction, convection, and radiation heat transfer modes (Bergman et 
al., 2011). 
Conduction refers to the heat transfer due to molecular collisions and energy is 
transferred from the more energetic to the less energetic particles (Bergman et al., 2011). 
The rate of conduction heat transfer is expressed as:  





here  (W/m2) is the heat flux (heat transfer rate) in the x-direction per unit area 
perpendicular to the direction of heat transfer, which is proportional to the temperature 
gradient, , and  is the thermal conductivity (W/m/K) that is a characteristic of the 
material. Research shows that the thermal conductivities of dry soils are relatively similar, 
and generally only differ by a factor of two (Stegemeier and Vinegar, 2001; Zanoni et al., 
2017). However, like all materials, the thermal conductivity does change with temperature, 
where Zanoni et al. (2017) showed that the thermal conductivity of coarse grain sand 
particles linearly increased with temperature from 36  to 265 . 
Convection heat transfer occurs between a fluid in motion and a bounding surface. In 
addition to the diffusion of energy from colliding molecules, heat is also transferred by the 
bulk, or macroscopic, motion of the fluid (Bergman et al., 2011). Most of the heat transfer 
occurs near the fluid-surface interface in the heat-transfer boundary layer (Bergman et al., 
2011). Based on the nature of flow, convection heat transfer is generally classified into two 
types: (1) forced convection when the flow is caused by external means (e.g., a fan, a pump); 
(2) natural convection when the buoyancy effect drives convective flows. The appropriate 
rate equation of convection is expressed as:  
                                                      (5) 
where  is the convection heat flux (W/m2), proportional to the temperature difference 
between the surface area and fluid,  and , and  (W/m2/K) is the convection heat 
transfer coefficient, which depends on the conditions in the boundary layer (e.g., the 
nature of the fluid motion). The convection heat transfer coefficient increases as the local 





Radiation is energy emitted by matter that is at nonzero temperature, which is transported 
by electromagnetic waves (Bergman et al., 2011).  
In porous media, heat transfer is more complicated as it occurs as between multiple phases 
(e.g., between water and sand in a saturated medium) (Figure 2.9a). If the temperature 
difference between phases is small, then the material is in local thermal equilibrium and 
can estimate the heat transfer rate: 
                                                     (6) 
where  (W/m/K) is an effective thermal conductivity, considering both thermal 
conductivities of the fluid  and solid porous medium . The value of effective thermal 
conductivity for a porous medium can be bracketed by considering the composite walls 
in Figure 2.9b and 2.9c (Bergman et al., 2011; Nield and Bejan, 2013). Equation 6 is only 
valid for the estimation of heat transfer rate in the porous medium if convection as well 
as radiation heat transfer within the porous medium are negligible. Radiation heat transfer 







Figure 2.9: A porous medium. (a) The medium and its properties; (b) Series thermal 
resistance representation; (c) Parallel resistance representation (Bergman et al., 
 
Understanding the heat transfer and energy balance in porous media is important for 
thermal remediation technologies, such as thermal conduction heating, since they require 
excessive energy inputs to increase the in situ temperature to a desired value. In addition 
to the simple conduction and convection mechanisms introduced above, in practice, the 
actual temperature changes are affected by the changing thermophysical properties, e.g., 
heat capacities and conductivities, and by phase change processes, especially water 
evaporation and condensation in remediation applications (Stegemeier and Vinegar, 2001). 
Furthermore, temperature dependence of fluid properties (e.g., density and viscosity) and 
effects of heterogeneous geology also add to the complexity in understanding heat transfer 
through porous media for thermal remediation applications. 
2.3 Self-sustaining for Active Remediation (STAR) 
2.3.1 Smouldering Combustion 
Smouldering is a slow, controllable and flameless form of combustion, which is sustained 





of a solid or liquid fuel (Ohlemiller, 1985; Switzer et al., 2009). As for liquid fuels, a solid 
porous medium is critical for smouldering, self-sustained smouldering requires a high 
specific surface area and a permeable pathway to deliver the oxidant (air) (Akkutlu and 
Yortsos, 2003; Rein, 2009). The key difference between smouldering and flaming 
combustion is that flaming combustion is the oxidation of the gas phase around the fuel 
(Rein, 2009), whereas the fuel remains in the condensed phase when smouldering. One of 
the most common examples of smouldering combustion is the burning observed in charcoal 
barbeques (Figure 2.10). 
 
Figure 2.10: A charcoal barbeque is a common example of smouldering from Nielsen 
(2006). 
Smouldering of complex fuels likely contains many chemical reactions, but the overall 
combustion can usually be simplified by considering the two most important chemical 
pathways: i.e., pyrolysis and oxidation (Rein, 2013): 
Pyrolysis: 






      (8) 
Pyrolysis is the thermochemical degradation of a fuel by heating without oxidation in an 
oxygen-limited environment, which results in gaseous (pyrolysate), and solid products 
(char) (Blasi, 1993). Typically, long chain molecules are broken into smaller molecules 
during pyrolysis, where the char is a carbon rich porous solid, and the pyrolysate is a 
complex mixture of molecules including volatile organic compounds (VOCs), light 
hydrocarbons, polyaromatic hydrocarbons, etc. Since pyrolysis is an endothermic reaction, 
the products are sensitive to the heating rate and peak temperature (Sinha et al., 2000), 
which are generally governed by the energy generation rate from the oxidation of char 
smouldering.  
Oxidation is an exothermic degradation of the solid char produced from pyrolysis, or of 
the virgin fuel, that drives smouldering. If the fuel is completely oxidized, only water 
vapour and carbon dioxide will be produced (Rein, 2013). However, smouldering is an 
inherently incomplete form of combustion because of its characteristics (e.g., lower peak 
temperature) and complex natural conditions, and thus some typical incomplete 
combustion products are produced, e.g., carbon monoxide and unburnt light hydrocarbons 
(Rein, 2009, 2013).  
2.3.2 STAR as a NAPL Remediation Technology 
As discussed previously, conventional remediation methods used at NAPL contaminated 
site are challenging and typically involve physical excavation or chemical injection that 





alternative, STAR, is a patented, smouldering-based technology developed to treat 
primarily heavy hydrocarbon NAPL contaminated sites.  
As many heavy hydrocarbon NAPLs exhibit higher calorific values than other materials 
that are successfully burned in industries, these compounds may support robust 
smouldering combustion (Beever, 1986). As NAPL contaminated sites contain liquid fuel 
(NAPL) embedded in the soil (inert porous medium), this configuration readily supports 
smouldering combustion. This is because the porous medium increases the exposed surface 
area of NAPLs for oxidation, the soil permeability provides a pathway for the air to travel 
to the reaction zone, and the thermophysical properties of the sand store the energy released 
from smouldering and efficiently transfer it to unburnt NAPL to facilitate self-sustained 
smouldering (Switzer et al., 2009). Therefore, STAR takes advantage of the chemical 
energy embedded within the NAPLs, as well as the physical properties of the porous media 
to propagate a smouldering reaction through contaminated soil for remediation purposes. 
However, as showed in Equation 8, oxidation is limited by the supply of oxygen, and the 
energy is transferred from the oxidation zone to the unburnt fuel zone. Therefore, 
smouldering propagation is controlled by oxygen supply rate and heat transfer within the 
porous media (Ohlemiller, 1985; Torero and Fernandez-Pello, 1996). 
Figure 2.11 shows a conceptual model of STAR. First, a localized region of contaminated 
soil is pre-heated near the base heating element until its ignition temperature (Figure 2.11a). 
Next, the forced air is injected into the pre-heated soil and ignites the contaminants; at the 
same time, the energy released from the smouldering is transferred to pre-heat and ignite 
unburnt fuels via conduction, convection, and radiation as the smouldering reaction 





reaction is deemed to be self-sustained, and the reaction continues to propagate through the 
contaminated soil, driven by a forced air flux (Figure 2.11c). Since the smouldering is 
sustained by the chemical energy released from the contaminants, the reaction self-
terminates when all contaminants are destroyed, or if conditions occur ahead of the 
smouldering reaction that may cause extinction (e.g., large moisture contents) (Figure 
2.11d). 
 
Figure 2.11: Conceptual model of STAR: (a) preheating, (b) ignition, (c) self-sustained 





2.3.3 Parameters Affecting Smouldering Performance  
A series of proof-of-concept experiments were first conducted in small columns (100 mm 
in diameter and 50 mm in height to 138 mm in diameter and 150 mm in height) to assess 
if self-sustained smouldering could be used to remediate contaminated soils. The results 
showed that self-sustained smouldering can be achieved across a broad range of different 
soil types and contaminants (Pironi et al., 2009; Switzer et al., 2009). Most of these 
laboratory experiments were set up based on the configuration showed in Figure 2.12. The 
smouldering propagation was monitored by thermocouples (TCs) positioned along the 
central axis of the column. The insulation near the column wall was used to minimize heat 
losses out of the column, so to best simulate conditions at a field site, which would have 
negligible heat losses. 
Based on the initial experiments, later studies examined the sensitivity of STAR to several 
key parameters, which are briefly reviewed here. 
 
Figure 2.12: Schematic representation of the reaction system used in the smouldering 





(1) Moisture Content 
Moisture content is an important energy sink that affects the ignition and limits of self-
sustained smouldering. If the reaction is not robust, i.e., it is close to extinction, peak 
temperatures decrease as the moisture content increases, eventually leading to extinction 
(Yermán et al., 2016). If the reaction is robust, small amounts of water can be easily 
evaporated by hot gases ahead of the smouldering zone. However, if the amount of water 
exceeds a limiting value, there is a potential that water ahead of the reaction may flow 
downwards into the reaction, e.g., in Figure 2.12, quenching the smouldering (Yermán et 
al., 2016). Rashwan et al. (2016) determined the upper limit of moisture content in 
biosolids that would support successful smouldering was 80% by mass.  
(2) Scale 
System scale is another critical parameter that can affect the heat retained in a smouldering 
system. Generally, small-scale columns are more susceptible to heat losses than larger 
columns because of their higher surface area to volume ratio. Switzer et al. (2014) explored 
the effects of changing heat losses with system scale in a series of experiments in reactors 
ranging from 0.003 m3 to 3 m3. The results showed that the smouldering reaction reached 
the entire contaminated volume in all reactors with similar velocities, peak temperatures, 
and remediation efficiencies between 97-99.5% were achieved in all experiments. Besides, 
it also revealed that minimum fuel concentration for self-sustained smouldering may be 
lower in larger scale systems than observed at bench scale systems. Scholes et al. (2015) 
completed the first pilot scale test of STAR, achieving a radius of influence of 3.7 m in the 
deep test 7.9 m below the ground surface, and destroying 860 kg of coal tar over 11 days. 





et al. (2017) found the potential downward organic liquid migration in the tall treatment 
system (90 cm) at the air flux less than 3 cm/s, smouldering was demonstrated to overcome 
the downward migration and thus still destroyed all organic wastes in the system. These 
experiments showed that, though heat losses varied between the different reactors, the 
reported smouldering metrics of robust systems (i.e. far from extinction limits) were 
insensitive to scale and other experimental conditions.  
(3) Airflow Rate 
Smouldering is an oxygen-limited reaction. One early analytical model of the one-
dimensional, steady smouldering showed that: 1) The peak smouldering temperature 
depended on the initial oxygen mass flux and increased logarithmically with it and 2) The 
propagation velocity increased linearly with the oxygen mass flux (Dosanjh et al., 1987). 
In addition, Yermán et al. (2016) studied the effect of airflow rate on the smouldering of 
feces mixed with sand, where the smouldering reaction velocity increased linearly as the 
increase of airflow rate. However, though the peak temperatures also increased 
logarithmically at low airflow rates, they decreased at higher airflow rates, which suggested 
that some phenomena at high airflows were not embedded in the model from Dosanjh et 
al. 1987 (Figure 2.13). The observations reveal that high airflows increase reaction 
temperatures whereas, at some point, convective cooling occurs, which weakens the 
smouldering reaction and can eventually lead to extinction. However, it is noted that the 
airflows associated with cooling are above 20 cm/s; whereas the airflow rates typically 
applied in smouldering remediation are 0.5-8 cm/s and in this range increased airflow only 
















In addition, since smouldering requires oxygen to sustain the exothermic oxidation 
reactions, there is a minimum oxygen mass flux required for self-sustained smouldering 
propagation. Pironi et al. (2011) observed self-sustained smouldering for both coal tar and 
crude oil was achievable down to a limiting air flux of 0.5 cm/s. MacPhee et al. (2012), 
Hasan et al. (2015) and Solinger et al. (2019) presented a phenomenological in situ 
smouldering model (ISSM) capable of simulating the evolution of smouldering reaction, 
which coupled a three-dimensional, multi-phase DNAPL flow model (Gerhard and Kueper, 
2003a, 2003b, 2003c) with a combustion reaction expansion model (Richards, 1990, 1995) 
(see summary of ISSM in Appendix E). The model used the same air flux threshold (0.5 
cm/s) to predict the extent of smouldering reaction propagation, and was validated in 
several one- and two-dimensional experiments. Physically, below this low air flux 
threshold, the local energy losses at the smouldering reaction exceed the energy generated 
Figure 2.13: Peak temperature and smouldering velocity as a function of Darcy flux 





and the reaction dies (Zanoni et al., 2019). It is expected that the lower airflow threshold 
may be even smaller at larger scales, but this has yet to be proven. 
(4) Sand Grain Size 
As grain size increases in a homogeneous porous medium system, it takes more energy to 
heat large sand grains and takes more time for the energy to penetrate and equilibrate in 
the grain. Besides, when a system consists larger grains, the surface area to volume ratio 
diminishes, resulting in the decrease of the amount of energy generation per volume in the 
smouldering system (Pironi et al., 2011; Yermán et al., 2016). Pironi et al. (2011) studied 
the effect of the size of sand particles on smouldering various NAPLs (i.e., coal tar and 
crude oil) in a 275 mm height quartz glass column by using different porous media. The 
results showed both the smouldering velocity and peak temperature decreased in 10 mm 
gravel column where the reaction was not self-sustained, compared to the robust 
smouldering in 6 mm gravel column. 
At the other extreme, small particle diameters have led to problems in achieving self-
sustained smouldering, presumably due to their associated low pneumatic permeability. 
Yermán et al. (2016) investigated this phenomenon by smouldering of feces embedded 
within various types of porous media, and showed unsuccessful smouldering occurred 
when the sand particle size was below 0.5 mm. However, the result of Yermán et al. (2016) 
was not clear because the ignition protocol may have some influences whether the fine 
layers were ignited properly or not. Self-sustained smouldering should be assessed on the 
performance of the reaction away from the boundaries. So far, the fundamental reason 
behind non-self-sustained smouldering in fine, (presumably) homogeneous media has not 






Smouldering remediation is most successfully applied within a thick deposit of 
homogeneous granular soil; however, real geological systems have substantial 
heterogeneities. Similar to the challenges faced by other remediation technologies, 
heterogeneity also affects smouldering treatment. For example, in one in situ smouldering 
test, preferential smouldering through the coarse brick layer instead of the surrounding 
contaminated soil was observed (Scholes et al., 2015). Since sections of contaminated 
soil were left untreated due to subsurface heterogeneity, it is important to understand 
what degree and style of heterogeneity lead to the poor treatment by smouldering, and 
how engineers can address the challenge. 
However, few studies have been carried out to investigate the effects of intrinsic 
permeability and heterogeneity on smouldering performance. Akkutlu and Yortsos (2005) 
developed an analytical model to study on the propagation of in situ combustion, an oil 
recovery process based on smouldering, in layered porous media where two layers of 
different permeabilities were separated by an interface impermeable to air (Figure 2.14). 
Based on this study, it was found that conductive heat transfer between two layers, 
thermal coupling , greatly retarded the combustion reaction in the high 
permeability zone and slightly accelerated the reaction in the low permeability zone. This 
was explained as the released reaction energy in the high permeability zone was 






Figure 2.14: Schematic of the notation used for the propagation of combustion 
reaction in a two-layered porous medium.  and  are the air injection velocities in 
two layers,  and  are the dimensionless front velocities normalized with injection 
velocities in two layers (Akkutlu and Yortsos, 2005). 
MacPhee et al. (2012), Hasan et al. (2015), and Solinger et al. (2019) employed a model, 
the ISSM, to simulate the evolution of a smouldering reaction in heterogeneous porous 
media. The model was demonstrated to reliably predict the propagation of the reaction 
under complex air injection flow fields in a homogeneous medium, including reaction 
termination in regions where air flux was too low to support self-sustained smouldering 
(Hasan et al., 2015). Figure 2.15 shows the model-predicted development of smouldering 
in the presence of two low permeability lenses (1.9 10-11 m2 and 1.9 10-12 m2), in 
which the smouldering reaction propagated into 1.9 10-11 m2 lens at a slower rate 
compared to surrounding permeable region and was unable to enter 1.9 10-12 m2 lens. 
This test was numerical only, to evaluate model behaviour, and was not confirmed with 
any experiments. Solinger et al. (2019) conducted modelling which suggested that 
increased permeability variance could degrade remediation performance because of 
increased airflow channelling. Although this model appears capable of simulating 





properties such as water content, temperature dependence of fluid properties, and heat 
transfer (such as thermal coupling) are not considered in the model, since it does not 
solve the energy equation (MacPhee et al., 2012). Moreover, all validation experiments 
were in homogeneous media and heterogeneous smouldering experiments have not, to the 
 
 
Figure 2.15: Simulation (low permeability regions): (a) model domain set-up, (b) 
distribution of air (vector size range: 0.00-0.430 m/s) and position of the smouldering 
reaction at 625 s (10.4 min) following ignition, (c) contour plot depicting the position 
of the smouldering reaction at 125 s (2.1 min) intervals from t = 0 s to 1500 s (25.0 
min) (MacPhee et al., 2012). 
2.4 Conclusion 
Due to the characteristic of NAPL and complexity of the subsurface environment, complete 
NAPL remediation from a contaminated site is costly and labour intensive. STAR is a 
promising and effective technology for NAPL remediation because of its features: minimal 
energy input, high degree of destruction, relatively fast treatment, ease of control, etc. The 





While there are several studies on the characteristic of fuels (e.g., various NAPLs, moisture 
content), relatively little is known about the effect of porous media heterogeneity on 
smouldering experiments. Akkutlu and Yortsos (2005) developed an analytical model 
considering the in situ combustion performance in layered porous media where only heat 
transfer between layers was considered. The ISSM is also able to predict the smouldering 
evolution in heterogeneous porous media through a phenomenological approach. However, 
there is currently a knowledge gap, where there are no experimental studies considering 
permeability heterogeneity in a smouldering system. 
This work presents a series of experiments that explore how a smouldering reaction 
responds to permeability heterogeneity. It employed experiments packed with soils with a 
range of permeabilities layered in series, in parallel, and in a complex pattern (including 
both series and parallel layers) relative to the direction of airflow. The results provide 
unique insights in understanding the effect of permeability heterogeneity on smouldering 
propagation and have practical implications toward the design of full-scale smouldering 
remediation systems. 
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The Influence of Porous Media Heterogeneity on Smouldering 
Remediation  
3.1 Introduction  
Non-aqueous phase liquid (NAPL) contamination is one of the most significant 
environmental challenges in the field of remediation (U.S. EPA, 2003). This contamination 
resulted from poor environmental regulations and the lack of appropriate disposal of 
industrial chemical compounds over the last century (Kueper et al., 2014). At present, there 
are an estimated 100, 000 contaminated sites in the United States that need costly 
remediation (NRC, 2013; Kueper et al., 2014), posing a high toxicity potential to residents 
as well as a heavy financial burden on stakeholders. With the improvement of 
environmental legislation since the 1970s, and a focus on restoring the environment and 
redeveloping brownfields, there was a surge of projects addressing historical 
contamination. Correspondingly, numerous NAPL remediation technologies have emerged 
over recent decades such as bioremediation, chemical oxidation and thermal desorption 
(U.S. EPA, 2002; Rosenbaum, 2019). Despite these developments, few sites have been 
restored to conditions that meet regulatory standards.  
Self-sustaining Treatment for Active Remediation (STAR) is a remediation technology 
based on smouldering combustion. Smouldering is a flameless form of combustion that 
depends on heterogeneous exothermic reactions, i.e., gaseous oxygen interacts with the 
burning surface of condensed solid or liquid fuels to release energy (Ohlemiller, 1985). A 
common example of smouldering combustion is the glowing charcoal in a barbeque 





ignition event, smouldering can be a self-sustained process: excess energy generated from 
the reaction ignites the smouldering in adjacent areas. By this process, a smouldering 
reaction can propagate indefinitely along a path as long as fuel exists and oxygen can reach 
the reaction zone (Switzer et al., 2009). 
STAR has been shown to effectively treat a range of NAPLs including crude oil, coal tar, 
chlorinated solvents, mixed hydrocarbons and oil drilling muds (Pironi et al., 2009, 2011; 
Switzer et al., 2009, 2014; Scholes et al., 2015; Salman et al., 2015; Grant et al., 2016). 
Smouldering requires the fuel to be distributed in a porous medium, which is essential for 
the oxidant (oxygen in air) to flow from the boundary (sample edge) to the reaction. The 
porous medium provides other benefits as well such as a high surface area for the reaction 
and high heat capacity to support energy storage and recycling near the reaction (Drysdale, 
2011). In the case of smouldering NAPLs, the porous medium is the contaminated soil 
while the contaminant is the fuel. 
Smouldering is typically an oxygen-limited reaction (Torero and Fernandez-Pello, 1996); 
therefore, it is not surprising that the rate of propagation of the reaction depends on the air 
mass flux. In practical terms, this means that there is a minimum airflow rate required for 
smouldering to be self-sustained. Laboratory and modelling studies (Pironi et al., 2011; 
MacPhee et al., 2012; Hasan et al., 2015; Solinger et al., 2019) have observed the minimum 
to be approximately 0.5 cm/s (Darcy flux) for the smouldering of coal tar and crude oil. 
Below this threshold, the energy losses exceed the energy generated and stored such that 
the reaction dies (Zanoni et al., 2019). As airflow is increased above this threshold, a linear 
increase in the smouldering propagation rate is observed (Dosanjh et al., 1987; Yermán et 





equipment. Note that the minimum air flux is likely a function of scale, and while 0.5 cm/s 
applies to laboratory experiments, it is expected that lower air fluxes are possible in field 
scale applications where heat losses are reduced and thus smouldering is more energy 
efficient (Gerhard et al., 2020). 
STAR has been applied as an in situ remediation method at numerous sites, including 
complete remediation of a large coal tar contaminated site in 2019. In these scenarios, the 
self-sustained reaction primarily travels along pathways determined by the dominant 
airflow vectors, including horizontally (parallel to bedding) as well as upwards (across 
bedding) (Scholes et al., 2015; Grant et al., 2016). Propagation of the smouldering reaction 
depends on forward convective heat transfer by the air; thus, the permeability of the porous 
medium is a critical variable. Indeed, most in situ remediation technologies that rely on 
fluid injection are sensitive to in situ permeability, including steam injection, 
bioremediation, and chemical oxidation (Reddy and Adams, 2001; Gill et al., 2014; Seol 
et al., 2003). STAR has been successfully applied within relatively homogeneous units, but 
strong permeability differences in the subsurface may be challenging. For example, 
Scholes et al. (2015) found that in a pilot field test of STAR, smouldering preferentially 
propagated through a high permeability layer of bricks in the subsurface.  
Few studies have examined the effect of intrinsic permeability or soil heterogeneity on 
smouldering. Akkutlu and Yortsos (2005) developed an analytical solution for in situ 
combustion, an oil recovery process based on smouldering. That work examined the 
propagation of two reactions in adjacent parallel layers of contrasting permeability with 
airflow parallel to the layering. It revealed that conductive heat transfer between the layers, 





energy was lost to the oil-laden rock ahead of the reaction in the less permeable layer. 
Solinger et al. (2019) applied a numerical model to predict the ex situ smouldering 
treatment of organic liquid wastes mixed with sands considering the heterogeneity of 
permeability and oil saturation. Simulations suggested that high permeability variance may 
degrade remedial performance because of enhanced channelling of airflow and thus 
smouldering, which has not been validated to experiments. Although these studies suggest 
soil heterogeneity has important influences on smouldering, they relied on analytical and 
numerical modelling. A laboratory investigation of smouldering under heterogeneous 
conditions has not been conducted. 
This research aims to experimentally examine the influence of intrinsic permeability and 
heterogeneity on smouldering remediation. A series of laboratory smouldering experiments 
were conducted to examine the impact of contrasting porous medium layers arranged in 
series and in parallel relative to the direction of the reaction  propagation. The length and 
the permeability of layers within the treatment zone were varied to represent a range of 
heterogeneous scenarios. Extensive instrumentation allowed for tracking the smouldering 
reaction as well as air pressure gradients and fluxes in time and space across all layers. 
Simulation of a subset of the cases with a published in situ smouldering remediation 
numerical model (ISSM) assisted interpreting the results, which is the first study to validate 
this model to experimental results in certain cases. This work provides novel insights into 
the influence of intrinsic permeability and heterogeneity on the ability of smouldering to 






3.2 Materials and Methodology  
The investigation was divided into four parts. First, the smouldering performance of the 
Base Case, a homogeneous experiment in coarse sand, was established. Second, fine layers 
of differing permeability were added to a coarse layer in series to study smouldering 
behaviour upon transitioning from a more-permeable to a less-permeable layer. Third, 
coarse and fine layers of varying permeability contrasts were arranged in parallel relative 
to the direction of airflow and thus to the direction of smouldering propagation. Fourth, 
coarse and fine layers were placed in a more complex pattern (checkerboard) to consider 
the effect of combining layers in series and parallel on smouldering, where coarse layers 
were disconnected. The concept of flow in series and parallel are illustrated in Figure 3.1, 
which used the analogy of resistors arranged in an electrical circuit, as is common for 
hydrogeological systems (Gorokhovski, 2012). 
 
Figure 3.1: Analogies of the experiments conducted using circuits with (a) resistors in 
series, and (b) resistors in parallel. R1 is low resistance (representing the high 
permeability lens, coarse sand) and R2 is high resistance (representing the low 
permeability lens, fine sand). The current flow is analogous to the airflow and the 








Three silica sands from Bell & MacKenzie Co. Ltd. were used: #12 Coarse Silica Sand 
(particle density is 2.65 g/m3, mean grain diameter is 0.88 mm), #505 Fine Silica Sand 
(particle density is 2.65 g/m3, mean grain diameter is 0.19 mm), #106 Powder Silica Sand 
(particle density is 2.65 g/m3, mean grain diameter is 0.043 mm). The sieve and hydrometer 
analyses for these are shown in Appendix A. To maximize homogeneity within each lens 
packed in the experiments, both coarse and fine sands were sieved to retain only a single 
sieve grain size: 1.18-2.00 mm in diameter for the coarse and 0.125-0.250 mm in diameter 
for the fine sand.  
Mixing various weight fractions of the sieved coarse and fine sands with the silica powder 
allowed the production of a wide range of controlled intrinsic permeability values. Mixing 
(KitchenAid, Artisan Stand Mixer) was continued until the mixture was visually 
homogeneous (approximately five minutes), and permeability tests on many subsamples 
were conducted to ensure the batches were homogeneous (see Appendix A). Table A-1 in 
Appendix A summarizes the measured intrinsic permeability and porosity of 33 different 
mixing ratios of the three base sands. Intrinsic permeability was measured in a pneumatic 
permeability cell following ASTM D6539-00. In the smouldering experiments, the sieved 
coarse and sieved fine sands themselves were employed, as well as five chosen from these 
33 mixtures (details below).  
Granular Activated Carbon (GAC, Technical-grade chemicals, McMaster-CARR, Part 
number: 3190K523) was used as the organic contaminant (i.e., fuel) in this study. GAC is 
often used in the remediation industry to sorb and concentrate dissolved organic 





(PFAS), after which it is contaminated itself and needs disposal or treatment (Carter and 
Farrell, 2010; Liu et al., 2019). Recent work has demonstrated that GAC mixed with sand 
produces a robust smouldering reaction, with self-sustained temperatures that exceed those 
expected to destroy a wide range of those contaminants including PFAS (Major, 2019). 
GAC was chosen for this study because it reproduces the smouldering behaviour observed 
for a wide range of common organic contaminants, such as coal tar, bitumen, and crude oil. 
However, GAC is much easier to use, is non-toxic to handle in the laboratory, and it 
requires much lower concentrations to achieve similar smouldering temperatures. In 
addition, the difference in pack permeability due to GAC presence (before smouldering) 
and absence (after smouldering) is minor (data below). 
The GAC was characterized by conducting a proximate analysis: moisture content of 3.2% 
(ASTM-D2867-17), volatile matter content of 3.2% (ASTM-D5832-98), ash content of 2.2% 
(ASTM-D2866-11), and fixed carbon content of 91.4% (calculated by difference). The 
higher heating value (HHV) for the GAC was 30.9 MJ/kg, and the lower heating value 
(LHV) was 30.8 MJ/kg; the small difference between them was due to the minimal 
moisture content of the GAC. 
The seven sand mixtures used in the smouldering experiments (out of the 33 possibilities) 
are presented in Table 3.1, where the percentages shown are weight fractions. The 
permeability of each mixture is reported in two 
smouldering column when it was cold (methodology provided in Section 3.2.2 below) and 
include values for sands both with and without GAC at the employed concentration (30 g 





(within a half-order of magnitude) to the in situ values. Moreover, the table confirms that 
GAC has a minor influence on the intrinsic permeability. 
Table 3.1: Measured Permeability of Seven Sands Used 
 
3.2.2 Experimental Set-up and Procedure 
Table 3.2 summaries the nine smouldering experiments performed in this study: One 
 1 to 3), 
: Disconnected Coarse), whose treatment zones were packed 
as shown in Figure 3.2. All experiments used 30 g GAC/kg sand. The GAC was mixed into 
the chosen sand mixture until homogeneous. Here sand well-mixed with GAC in both 
coarse and fine layers with the same concentration was used to mimic some field situations, 
this includes NAPL entering low permeability layers in situ (NAPL pressure  
displacement pressure of fine layers) and well-mixed contaminated low permeability soils 
in ex situ applications. In addition, all experiments used the same injected air flux: 2.5 cm/s, 
the volume of air per unit cross-sectional area of column per time (i.e., Darcy flux). Air 
injection was fixed by a mass flow controller (FMA 5400/5500 Series, Omega Ltd.) 





Table 3.2: Summary of Smouldering Experiments  
 
 
Figure 3.2: Experimental set-ups for treatment zones in all experiments: (a) Base Case, 
(b) Series 1-4, (c) Parallel 1-3 and (d) Complex: Disconnected Coarse. The height of 





Two different smouldering columns were employed in this work (Figure 3.3). Column A 
was 63.0 cm tall and had a 16.0 cm inside diameter. Column B was 90.0 cm tall and had a 
10.8 cm inside diameter. In addition, Column A employed smouldering travelling upwards 
while in Column B smouldering travelled downwards. The Base Case, the Parallel tests 
and Complex: Disconnected Coarse used Column A, while the Series tests used Column 
B. Column B was chosen for the Series tests because it can handle the much higher 
pressures generated during these experiments due to the fine layer spanning the column 
width and acting as a confining layer. The Base Case, the Parallel tests and Complex: 
Disconnected Coarse did not generate such backpressures and thus Column A was chosen, 
since it is simpler to operate and follows procedures used in many smouldering studies 
(e.g., Rashwan et al., 2016; Kinsman et al., 2017). Separate tests confirmed statistically 
identical results for Column A and B for otherwise identical tests, indicating that the choice 
of the column does not affect the behaviour of the smouldering reaction at the centerlines 







Figure 3.3: (a) Column A and (b) Column B set-ups for the smouldering tests. 
Column A consisted of a stainless base assembly and a stainless column reactor (Figure 
3.3a). A cable heater (450 W, 120V, Watlow Ltd.) and an air injection manifold were 
housed in the base, where the cable heater was formed into a flat spiral coil to deliver a 
controlled amount of energy across the entire horizontal cross section. The column reactor 
was wrapped in insulation (5 cm thick mineral wool, McMaster Carr) to reduce heat losses 
(Switzer et al., 2009). Sixteen thermocouples (TCs) (K-type, KQIN-18U-6, Omega Ltd.) 
were inserted horizontally to track temperature at the center of the column at 3.5 cm 
intervals along the column height. Three pressure transducers (PTs) were employed (5 PSI, 
Model FPG, Honeywell) with two connected to copper tubing (designed to transmit the air 
pressure but dissipate the heat) located at a height of 46.0 cm and the other measuring the 
pressure in the air injection line. The top of the apparatus was open to the atmosphere. 
Column B consisted of a structural support base, a cone heater (5000 W, 240 V, Fire 
Testing Technology Ltd.) and a stainless-steel column reactor assembly (Figure 3.3b). 





piece of aluminum sheet. The cone heater, set above the column, transmitted radiant heat 
through a fused quartz window (Esco Products Inc.). Thirty centerline TCs at 3.0 cm 
intervals, and eight sets of four radial TCs at 12.0 cm intervals, were employed. Four PTs 
(100 PSI, Type T2, Ashcroft Ltd.), attached to copper tubing, were recording pressures at 
21.0 cm intervals.  
In each case, the apparatus rested on a balance (KCC150, Metler Toledo) to provide real-
time mass loss data. In addition, the combustion emissions were sampled by a gas analyzer 
(MGA 3000C, ADC) for the real-time determination of the volume fraction of oxygen, 
carbon monoxide and carbon dioxide. Data from TCs, PTs, mass balance and gas analyzer 
were recorded every two seconds by data loggers (Multifunction Switch/Measure Unit 
34980A, Agilent Technologies) and personal computers.  
Nine smouldering experiments were packed as described in Table 3.2 and Figure 3.2. In 
all experiments, a clean sand layer (20.5 cm in Column A, 1.0 cm in Column B) near the 
ignition point was used to cover the heater and help evenly distribute air. Also, after 
packing of the contaminated sand, another clean sand layer filled the rest of the column to 
ensure the pack cannot fluidize. Each packed column was subjected to cold air injection at 
several known air fluxes before smouldering (GAC present) and after smouldering when 
the system had completely cooled (GAC absent). In combination with the pressure 
transducers and known ambient pressure at the outlet, this allowed the in situ determination 
of intrinsic permeability values of interest. When using pressures within a single layer, in 
situ 2): In 
situ entire treatment zone, this 





these measurements, conducted post-treatment,  k (m2): 
Measured  in Table 3.2. These were compared to the theoretical (calculated) equivalent 
pack permeability reported in Table 3.2 as Treatment zone k (m2): Calculated  and 
calculated as described next. 
For Series 1-4, the permeability of the treatment zone was dominated by the low 
permeability layer. An equivalent permeability was the harmonic mean of the value for the 
layers (Leonards, 1962): 
                                                        (1) 
where  is equivalent permeability (m2),  is the permeability (m2) of layer , and  (m) 
is the thickness of the layer . Table 3.2 reveals that these calculations provide similar 
values to those directly measured in the packed columns. The table also reveals that the 
permeability contrast between the coarse and fine layers in series increased to three orders 
of magnitude. 
For Parallel 1-3, the permeability of the treatment zone was dominated by the high 
permeability layer in the mixture. The equivalent permeability was based on the arithmetic 
mean (Leonards, 1962): 
                                                        (2) 
Table 3.2 reveals that in Parallel 1-3, the equivalent permeability values estimated via 
Equation 2 are close to those measured in situ in the column. The table further shows that 





For the Complex: Disconnected Coarse, which combined layers in series and in parallel in 
the form of a checkerboard, both high and low permeability layers impacted the equivalent 
permeability of the pack; therefore, the geometric mean was used (Selvadurai and 
Selvadurai, 2014): 
                                                        (3) 
Table 3.2 reveals that in the Complex: Disconnected Coarse, the equivalent permeability 
value estimated via Equation 3 is close to the direct measurement in the column, in which 
the contrast in permeability between layers was 68. 
The smouldering tests employed well-established experimental procedures (Switzer et al., 
2009; Pironi et al., 2011; Yermán et al., 2015). The ignition procedure involved starting 
the heater and leaving it on until TC1 in the treatment zone reached 400  in Column A 
(1 cm above the clean sand), and 450  in Column B (at the interface between the 
treatment zone and clean sand). Air injection was then initiated, ignition of smouldering 
was confirmed by a temperature spike, and the heater was turned off after the second 
thermocouple in the treatment zone peaked. The self-sustained propagation of the reaction 
along the column was monitored until it reached the end of the treatment zone, at which 
time the smouldering naturally terminated (no fuel). Air injection was maintained until the 
system returned to ambient temperatures.  
The smouldering reaction velocity and the average reaction temperature were calculated 
according to standard procedures, whose uncertainty is represented by 95% confidence 
intervals (Pironi et al., 2009). Additionally, in Parallel 1-3, the distribution of the injected 





three equations for three unknowns (assuming one-dimensional vertical airflow and 
uniform pressure distribution across the horizontal cross-section within each layer): 
                                                        (4) 
                                              (5) 
                                              (6) 
where is the fixed injection Darcy air flux (2.5 cm/s),  and  are the unknown 
fine and coarse layer air fluxes (cm/s), respectively; ,  and  are pressure readings 
(Pa) from pressure transducers PT1 (in the air injection line), PT2 (in the fine layer) and 
PT3 (in the coarse layer);  is the unknown pressure loss (Pa) due to the clean sand 
layer between the injection location and the treatment zone;  and  are 
permeabilities (m2) of the fine and coarse layers, respectively, measured from the 
permeability cell (Table 3.2);  is the ambient viscosity (kg/m/s) of air;  is the height (m) 
of PT2 and PT3 above the upper surface of the clean bottom sand layer. 
3.2.3 Numerical Modelling  
MacPhee et al. (2012), Hasan et al. (2015) and Solinger et al. (2019) presented the 
development and validation of a two-dimensional (2-D) in situ smouldering model (ISSM) 
to predict the propagation of a smouldering reaction in heterogeneous contaminated soil. 
The model coupled a finite difference, multiphase flow numerical model (Gerhard and 
Kueper, 2003a, 2003b, 2003c) with a combustion reaction evolution model (Richards, 1990, 
1995). The model was demonstrated to reliably predict the propagation of the smouldering 





reaction extinction in regions where air flux was too low to support a self-sustained reaction 
(Hasan et al., 2015). It was also shown to predict complex channelling of the reaction that 
might occur in highly heterogeneous porous media, although such cases were numerical 
predictions and not validated against experiments (Solinger et al., 2019). The model did 
not consider energy balance or heat transfer and was thus primarily an engineering tool for 
exploring the influence of air flux, and related Darcy parameters such as pressure and 
permeability, on reaction propagation (MacPhee et al., 2012). The ISSM was employed in 
this work to simulate and help explain experimental results of Parallel 1-3 and Complex: 
Disconnected Coarse. The underlying principles of the ISSM are briefly summarized in 
Appendix E; refer to MacPhee et al. (2012), Hasan et al. (2015) and Solinger et al. (2019) 
for more details.  
As shown in Figure 3.4, a 16.0 cm wide  71.0 cm tall model domain (including a 20.5 cm 
bottom clean sand layer, a 39.5 cm treatment zone, a 10.5 cm clean sand cap layer and a 
0.5 cm bottom plenum for the air distribution in the model) was designed to approximate 
a 2-D vertical cross-section of the Parallel 1-3 and two Complex cases, in which an 
additional scenario Complex: Connected Coarse was also simulated to compare with 
Complex: Disconnected Coarse. 
A maximum time step of 5 seconds was selected because this value was previously 
demonstrated to retain accuracy while preventing excessive run times (MacPhee et al., 
2012). A nodal discretization of 0.5 cm  0.5 cm was selected, for a total of 4544 nodes in 
the domain (32 nodes along the x axis, 142 nodes along the y axis). No-flow conditions 
were applied to the left and right boundaries to simulate the column walls. The 0.5 cm deep 





approximated with a constant air flux of 2.5 cm/s, whose permeability was assigned as 1.0 
10-10 m2. The top row of nodes was assigned a free-exit boundary, where the air pressure 
was zero. The ignition source was specified as 15.5 cm long  0.5 cm high initial ellipse 
at the center of the interface between bottom clean sand nodes and treatment zone nodes 
as the time zero smouldering reaction. The distribution of permeability followed the 
experimental set-up and data measured from the permeability cell as shown in Tables 3.1 
and 3.2. The nodes inside the treatment zone were assigned a small fuel concentration to 
represent the negligible impact the GAC had on effective permeability (Table 3.1). Run 
time for each simulation was approximately 60 minutes using an Intel Core Processor i7-
3930K CPU with 64 GB RAM. 
 
Figure 3.4: Illustration of Model set-ups of (a) Parallel 1-3, (b) Complex: 






3.3 Results and Discussion   
3.3.1 Base Case  
Figure 3.5 provides the temperature, pressure, emission and mass loss rate profiles for the 
Base Case. It illustrates that upon initiating the airflow, a temperature spike was observed 
that indicated the onset of the smouldering reaction (i.e., ignition). The heater was turned 
off a short time later, after which the reaction was self-sustained as evidenced by the 
succession of crossing temperature profiles with consistent peak temperatures (Pironi et al., 
2009). Slight variations in the peak temperatures were expected due to small 
heterogeneities in the contaminated mixture (e.g., local variations in the GAC 
concentration and particle size) from the mixing and loading process. The average peak 
temperature was 774 31 and the average reaction velocity was 3.8  0.2 mm/min. The 
pressure signals provided the gradients associated with the airflow and provided data for 
quantifying the effective permeability of the treatment zone. The pressure signals 
associated with smouldering, rarely measured in the literature, provide a wealth of valuable 
information about tracking and interpreting smouldering that are explored in detail in 







Figure 3.5: Temperature, pressure, emission and mass loss rate profiles for Base Case. 
CO, CO2 and O2 in the emissions are also shown in Figure 3.5, revealing that, as expected, 
O2 content plunged and CO and CO2 contents spiked at the same time the temperature 
indicated the smouldering reaction started. At the same time, the mass loss rate increased 
since the contaminant was being oxidized by smouldering. Mass loss rate related to the 
GAC removal rate and emissions were relatively steady through the smouldering period, 
although some variations due to minor heterogeneities within the pack are typical (Switzer 
et al., 2009, 2014; Rashwan et al., 2016). Once smouldering was complete in the column, 
pressure decreased, emissions returned to ambient and mass loss rate reduced, coinciding 







3.3.2 Series 1-4 
Series 1 with a single homogeneous fine layer showed that smouldering was still robust 
when the permeability of the porous medium was significantly decreased (1% of Base 
Case), with a similar average peak temperature (758 22 ) but with an approximately 
25% reduction in reaction velocity (2.8 0.2 mm/min) (Figure 3.6a). The change in 
reaction velocity is discussed below with other Series tests. In general, as expected, 
60 kPa; Figure. 3.6a) was much higher 
than the , yet this yielded no adverse effect on the 
smouldering behaviour since the GAC concentration and air flux were unchanged. 
 
Figure 3.6: Temperature and pressure profiles for Series 1-4: (a) Series 1, (b) Series 
2, (c) Series 3 and (d) Series 4. Black temperature curves are for TCs located in the 
coarse layer while red curves are for TCs located in the fine layer. Note that, while 






Figure 3.6 also reveals that the occurrence of a coarse layer and fine layer in series was no 
barrier to the self-sustained smouldering. All three tests (Series 2-4) show self-sustained 
smouldering propagating from the coarse layer into the fine layer regardless of the fine 
layer permeability (at least down to 1.1 10-12 m2, representing a 1000-fold permeability 
contrast). These conclusions were confirmed when excavation revealed no GAC remaining 
in any of the layers. This is the first laboratory evidence that smouldering will readily transit 
across distinct, high-contrast permeability boundaries. As expected, the pressure gradient 
across the column increased proportionally as the equivalent permeability of the treatment 
zone decreased. The pressure drop increased from ~20 kPa in Series 2 to ~200 kPa in Series 
4, which represented the upper limit the apparatus can endure.  
Figure 3.7 summarizes the peak temperature and reaction velocity of self-sustained 
smouldering in the individual layers in Series 1-4. It reveals that permeability did not affect 
the peak temperature of smouldering; all were observed to be above 700  and the 
variations observed were likely random effects of minor GAC inhomogeneity. The 
statistical F-test revealed that the average peak temperatures in all layers in Base Case and 
Series 1-3 showed no statistically significant difference at the 0.01 significance level, 
whereas the average peak temperature of the fine layer in Series 4 was statistically lower. 
Moreover, the figure also shows that the reaction velocity slightly reduced as the 
permeability of the fine layer decreased. Since air flux affects smouldering peak 
temperature and reaction velocity (Zanoni et al., 2019), it is hypothesized that (a) the 
observed reduction of average peak temperature in Series 4 and decreasing reaction 
velocity may be due to increased side wall effects, where a small but increasing fraction of 





reducing the air flux propagating the reaction along the centerline, and/or (b) the heat 
transfer processes (conduction, convection, storage, losses) varied slightly as sands became 
finer, affecting the reaction propagation. Note that neither the average peak temperature 
nor reaction velocity in the coarse layer was significantly affected by the presence of a fine 
layer in any of the Series tests. 
 
Figure 3.7: Average peak temperature and self-sustained smouldering velocity for 
each individual layer, plotted with its measured permeability within Series 1-4. 
Uncertainty is represented by 95% confidence intervals.  
3.3.3 Parallel 1-3  
Parallel 1, in which the permeability difference between the parallel layers was 1.5 orders 
of magnitude (1.3 10-9 m2 and 1.9 10-11 m2), resulted in self-sustained smouldering in 
the coarse layer (average peak temperature 713 42 and non-sustained smouldering 
in the fine layer (Figure 3.8). The fine layer thermocouples did not show the sharp 
temperature spikes and crossing profiles associated with the heat generation process in 





transfer processes (Salman et al., 2015; Zanoni et al., 2017). The temperature profiles 
reveals that the elevated temperatures observed in the fine layer almost exclusively resulted 
from lateral, conductive heat transfer from the smouldered coarse layer; in other words, 
thermal coupling caused some energy losses from the reaction in the coarse layer to heat 
the adjacent fine layer, as predicted by Akkutlu and Yortsos (2015). The pressure, 
emissions, and mass loss rate data all support that smouldering was only occurring in the 
coarse layer, as their signals diminished quickly after smouldering of that layer was 
complete. Confirmation that smouldering did not occur in the fine layer was provided by 
observing GAC remaining in the fine layer during excavation (see photos in Appendix C). 
 
Figure 3.8: Temperature, pressure, emission and mass loss rate profiles for Parallel 
1. 
The average smouldering reaction velocity in the coarse layer was 5.0 0.3 mm/min, 





(3.8 0.2 mm/min), even though air was injected into the column with the same Darcy 
flux (2.5 cm/s). Based on the methodology outlined in Section 3.2.2, the distribution of air 
fluxes was calculated as 4.91 cm/s and 0.09 cm/s in the coarse and fine layers, respectively. 
The higher proportion of air traversing the coarse layer, leading to a higher air flux in that 
layer, explains the higher smouldering propagation velocity relative to the Base Case. 
Moreover, these calculations suggest that the lack of smouldering in the fine layer was 
mainly due to the limited air flux, since other work has indicated that smouldering is rarely 
self-sustained when the local air flux in a laboratory experiment is below 0.5 cm/s 
(MacPhee et al., 2012; Hasan et al., 2015; Solinger et al., 2019).  
Parallel 2 employed a one order of magnitude difference in permeability (1.3 10-9 m2 and 
1.2 10-10 m2). Smouldering in the coarse layer was self-sustained, with an average peak 
temperature of 696 62  and the average reaction velocity of 5.7  mm/min (Figure. 
3.9). Smouldering at the base of the fine layer ignited after ignition occurred in the coarse 
layer (TC1 in fine layer rose semi-sharply to 640 ). However, beyond this time the 
reaction clearly died as the rest of TCs in the fine layer showed only heat transfer 
characteristics. This interpretation is supported by the pressure, emissions, and mass loss 
data; moreover, GAC was found in the upper half of the fine layer upon excavation, 
whereas most of the GAC was eliminated near the base of the fine zone (close to the two 






Figure 3.9: Temperature, pressure, emission and mass loss rate profiles for Parallel 
2. 
Calculations reveal that the air flux was 0.49 cm/s in the fine layer and 4.51 cm/s in the 
coarse layer. It is interesting that although a higher air flux traversed the coarse layer in 
Parallel 1 (4.91 cm/s), the coarse layer smouldering velocity in that experiment was lower 
(5.0 0.3 cm/s). This observation agrees with the prediction of Akkutlu and Yortsos 
(2005), in which thermal coupling slowed down the reaction in the coarse layer. In Parallel 
2, the smouldering ignition in the fine layer decreased lateral conductive heat transfer 
between the layers compared to Parallel 1. This resulted in more energy remaining within 
the coarse layer to contribute to its self-sustained smouldering; this observation is also 
supported by higher peak temperatures at the base of the coarse layer in Parallel 2. 
Moreover, since 0.49 cm/s was very close to the air flux extinction threshold, it was not 





Parallel 3 entailed a permeability difference of a half-order of magnitude (1.3 10-9 m2 
and 4.5 10-10 m2). As with the other Parallel cases, smouldering in the coarse layer was 
robust (Figure 3.10), with an average peak temperature of 811 45  and smouldering 
velocity of 4.5 0.2 mm/min. However, in this case a self-sustained smouldering reaction 
clearly ignited and propagated in the fine layer as well. Smouldering ignition in the fine 
layer occurred around the same time as ignition in the coarse layer. Average peak 
temperature in the fine layer was 774 27  over the first three TCs, which represented 
the first 18.5 cm out of 39.5 cm treatment zone height, and smouldering velocity was 
3.4 0.2 mm/min. However after approximately 19 cm of propagation, the smouldering 
reaction was observed to gradually weaken with reducing peak temperatures and no 
evidence for smouldering was observed at the final thermocouple in the fine layer. During 
the excavation of the fine layer, the bottom was clean whereas GAC was found at the top, 
supporting the conclusion that the reaction started and propagated but extinguished near 






Figure 3.10: Temperature, pressure, emission and mass loss rate profiles for Parallel 
3. 
Calculated air flux in the fine layer was 1.29 cm/s and in the coarse layer was 3.71 cm/s. 
The existence of air flux in the fine layer well above the threshold for smouldering, the 
strong ignition, and the propagation of a self-sustained reaction suggests that the air flux 
was not the main factor quenching the fine layer smouldering in this case. Instead, it is 
hypothesized that lateral conductive heat transfer from the fine to coarse layers at the late 
time caused the reaction to die (Akkutlu and Yortsos, 2015). As shown in Figure 3.10, 
weakened smouldering in the fine layer was coincident with smouldering reaching 
completion in the coarse layer. The data suggest that after this time, the coarse layer acted 
as a lateral energy sink for the fine zone, drawing heat away from the fine layer by (i) 
lateral conduction across the interface, and then (ii) upward convection in the coarse layer. 





1 and 2. Therefore, excessive heat losses from the smouldering fine layer to the treated 
coarse layer likely led to the smouldering extinction observed in the fine layer. This 
hypothesis is also supported by the analytical modelling of Akkutlu and Yortsos (2005), 
which predicted that thermal coupling between a smouldering reaction adjacent to a non-
smouldering layer may negatively affect the reaction, such as reducing its reaction velocity 
and even leading to extinction under certain conditions. 
3.3.4 Complex: Disconnected Coarse 
The Complex: Disconnected Coarse employed multiple short layers in the form of a 
checkerboard, using a permeability difference of 1.5 orders of magnitude (sands were the 
same as Parallel 1, 1.3 10-9 m2 and 1.9 10-11 m2), where disconnected coarse layers 
exist in the fine mixture (i.e., the fine sand dominated in the whole mixture). The objective 
here was to combine the fine and coarse layers both in series and parallel, disconnecting 
the coarse layers,  and 
ensuring no continuous high permeability path from inlet to outlet. In contrast to Parallel 
1, self-sustained smouldering in all fine layers occurred in this case (Figure 3.11), with an 
average peak temperature of 826 55 . An average reaction velocity of 2.0 0.4 
mm/min was observed in the fine layers, showing that air flux through the fine layers was 
sufficient to successfully sustain smouldering, unlike in Parallel 1. This is in addition to 
self-sustained smouldering in all the coarse layers (average peak temperature of 






Figure 3.11: Temperature, pressure, emission and mass loss rate profiles for Complex: 
Disconnected Coarse. 
The comparison of Parallel 1 and Complex: Disconnected Coarse reveals that the 
increase of a certain pattern of the heterogeneity complexity may help evenly distribute 
air amongst the layers in the system. The mix of the coarse and fine layers and 
disconnected coarse layers resulted in no significant air bypassing of fine layers; this 
observation was supported by the higher observed pressure drop (14.5 kPa here versus 
3.2 kPa in Parallel 1). In addition, the series and parallel distribution of coarse layers led 
to a higher proportion of air traversing horizontally through the middle of the column and 
thus crossing the fine layers. Both factors likely increased the air flux in the fine layers. 
Indeed, remaining GAC on excavation was only found in minor amounts adjacent to the 
wall at the edge of the fine layers, supporting the hypothesis that air flux was sufficient to 





3.3.5 Simulation of Parallel 1-3 and two Complex cases 
ISSM simulations were set up for Parallel 1-3 and Complex: Disconnected Coarse to 
better understand experimental results and the effect of heterogeneity on the smouldering 
reaction, which has not been calibrated for any parameters in this study. Figure 3.12 
shows the distribution of local air flux vectors and pressures in these simulations. Air flux 
vectors in the model can change with time as the smouldering reaction propagates and 
eliminates fuel (Solinger et al., 2019). However, in these cases, since the GAC 
concentration was small, the air flux maps did not change significantly with time. The 
average air flux estimated from the model for fine and coarse layers respectively: 0.11 
and 4.89 cm/s in Parallel 1, 0.51 and 4.49 cm/s in Parallel 2, 1.43 and 3.57 cm/s in 
Parallel 3, were similar to the experimental calculations presented above. While 
experimental calculations were not possible for Complex: Disconnected Coarse 
(insufficient number of pressure measurements), the ISSM predicted air flux in the fine 
layers to be faster than in Parallel 1 (1.5 cm/s versus 0.11 cm/s) even though they both 
had 1.5 orders of magnitude permeability difference; this supports the differences in 
smouldering behaviour described for the experiment. The pressure changes predicted in 






Figure 3.12: Air and pressure distributions (red dash-line) in simulations: (a) Parallel 
1, (b) Parallel 2, (c) Parallel 3 and (d) Complex: Disconnected Coarse. Each arrow is 
a velocity vector, with its magnitude expressed by length and direction expressed by 
orientation. Red dash lines represent pressure contours. 
Figure 3.13 illustrates the final distribution of clean and contaminated material after 
smouldering was complete for Parallel 1-3 and Complex: Disconnected Coarse. These 
reveal the extent to which smouldering was predicted to propagate through parallel 
layers. Note that the time-lapse images for all four simulations are presented in Appendix 
G. In all four cases, self-sustained smouldering was predicted to completely treat the 
coarse layer, which matched experimental observations. In Parallel 1, no smouldering 
was predicted in the fine layer due to air flux below the threshold required for 
smouldering, matching experimental observations. In Parallel 2, the model correctly 
predicted the ignition and then rapid quenching of smouldering due to the limited air flux. 
In Complex: Disconnected Coarse, the model correctly predicted almost complete 
treatment of all layers due to the enhanced air flux in all fine layers. However, in Parallel 





experimental results where smouldering propagated upwards in the fine layer until heat 
transfer to the clean coarse layer led to its extinction. The main reason for this 
discrepancy was that heat transfer was neglected by this model (MacPhee et al., 2012), 
and thus quenching of a reaction due only to excessive heat losses cannot be simulated.   
                     
Figure 3.13: Final status of smouldering reaction in four simulations: (a) Parallel 1, 
(b) Parallel 2, (c) Parallel 3 and (d) Complex: Disconnected Coarse. Yellow represents 
clean sand while pink represents contamination left behind in the treatment zone. 
Figure 3.14 shows the comparison of air distribution and smouldering development in 
two Complex cases. Different from the complete treatment of fine layers in Complex: 
Disconnected Coarse, connected coarse layers created a preferential pathway from the 
bottom to the top and led to the airflow channelling around the fine layers, causing 
smouldering bypassing, and resulting in the bulk of the fine layers being untreated in 
Complex: Connected Coarse. Air flux in the fine layer was estimated to be less than in 
the Complex: Disconnected Coarse (0.35 cm/s, versus 1.5 cm/s). Due to limited air flux 





to the simulation result of smouldering through low permeability lenses in previous 
research (MacPhee et al., 2012). The difference between two Complex cases reveals the 
importance of the pattern of heterogeneity on the air distribution and successful 
smouldering. 
 
Figure 3.14: Comparison of the simulation between two Complex cases: Disconnected 
Coarse and Connected Coarse scenarios. 
3.4 Summary and Conclusions  
For the first time, self-sustained smouldering propagation in systems with heterogeneous 
permeability has been examined experimentally. Smouldering across layers in series was 
successful where the permeability contrast was up to 1000-fold (from 1.3 10-9 m2 to 
1.1 10-12 m2). The reaction was relatively unchanged across the boundary, with 
consistent peak temperature and smouldering velocity reducing slightly with decreased 
permeability. Smouldering tended to propagate in the direction of airflow, due to the 





to energy recycling. Thus, when air flux was continuous between adjacent layers, 
smouldering was relatively unaffected. 
Experiments and modelling of layers in parallel reveal that the distribution of the airflow 
between adjacent layers was determined by the permeability ratio between them, where the 
absolute permeability of each layer is of minor significance under the fixed injection rate 
condition. When the permeability ratio caused the air flux in one layer to fall below the 
threshold for self-sustained smouldering in laboratory experiments (0.5 cm/s), the reaction 
terminated. When air flux exceeded this threshold in both layers, smouldering was 
observed in both layers. However, the relative air fluxes still mattered, as thermal coupling 
had negative impacts in cases where adjacent layers exhibited reactions that propagated at 
different rates. For the layer with slower propagation, extinction was induced due to heat 
losses to the adjacent layer that was cooling after treatment. For the layer with faster 
propagation, the reaction velocity was reduced due to heat transfer to the untreated adjacent 
layer; however, this did not lead to extinction in the coarse layer in any of cases examined. 
In addition to permeability ratio, the complexity of heterogeneity (i.e., lengths and 
distribution of lenses, disconnection of coarse lenses) was found to play an important role. 
Complex distributions can generate the benefits of layers in series to the extent that they 
offset the negative consequences of layers in parallel. Successful smouldering of all layers 
occurred in scenarios where a continuous, high permeability path did not exist, and 
therefore (i) air could not largely bypass low permeability zones, and (ii) smouldering 
propagated at relatively similar rates in all pathways. Clearly, the magnitude of 
heterogeneity of materials and their distribution are of prime importance, as they dictate 





relative propagation rates, which in turn dictate the local energy balances upon which self-
sustained smouldering depends. Moreover, it is clear that hand calculations, for simple 
cases, and straightforward flow modelling, for more complex cases, can predict the 
expected airflow patterns for given scenarios and those can be used to make informed 
estimates of smouldering behaviour.  
This work suggests that smouldering should be successful in numerous heterogeneous 
scenarios in the field. However, one scenario that may be challenging is treating a 
contaminated fine layer when a parallel coarse layer exists that is extensive in the 
direction of airflow. One way this may be minimized for in situ smouldering remediation 
is to ensure that smouldering is carried out in each layer separately, i.e., air injection well 
screens are entirely within a single layer, thereby preventing dividing the injected air 
between multiple layers. High resolution site characterization combined with treating 
individual layers sequentially has already been demonstrated in situ (Scholes et al., 
2015). 
It is acknowledged that the experimental set-up here only included simple layers in series, 
parallel and a checkerboard, which illustrated the principles at work but did not 
adequately reproduce the complexity of heterogeneity expected in real subsurface 
scenarios. Modelling would be the most appropriate approach to explore such systems. In 
addition, these results used column experiments with thin layers, which exhibit high heat 
losses relative to larger (field) systems. This means that the extinction events observed 
here are highly conservative, and smouldering reactions in field scale systems may be 
more robust (e.g., self-sustained at lower air fluxes, less sensitive to lateral heat losses). 





impact on intrinsic permeability at typical saturations. In addition, contrasting lenses 
exhibiting similar saturations of fuel may be not common in the field, where low 
permeability zones are less likely to have high concentration of contaminants, which may 
also affect the smouldering performance. Nevertheless, it is expected that these 
limitations do not alter the main conclusions of the work.  
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Conclusions and Recommendations 
4.1 Conclusions  
This thesis explored the effect of intrinsic permeability and heterogeneity on smouldering 
propagation. A series of laboratory smouldering experiments using granular activated 
carbon (GAC) as the model fuel, mixed with various sands were used to understand the 
effects of permeability heterogeneity in various scenarios. The GAC and sand layers with 
varying permeability values were arranged in series, in parallel and in a checkerboard 
relative to the direction of airflow and reaction propagation. These experiments were 
quantified in terms of temperature profiles, reaction velocities, pressure changes, and in 
situ air fluxes in order to assess the smouldering robustness under different situations. In 
addition, numerical modelling (ISSM) was used to simulate Parallel 1-3 and Complex 
cases, which accounted for the impact of permeability heterogeneity on air velocities, 
providing additional insights into better understanding and interpreting the experimental 
results. 
The main findings are summarized: 
 The experiments with varying permeability layers in Series showed that 
smouldering propagated successfully through all layers, even with the 
permeability contrast up to 1000-fold (from 1.3 10-9 m2 to 1.1 10-12 m2). 
 The experiments with varying permeability layers in Parallel showed that 






 Sufficient air flux was vital for self-sustained smouldering; both experimental 
results and model simulations showed that smouldering failed when local air 
fluxes through a layer was less than 0.5 cm/s, which occurred when high 
permeability difference between parallel layers diverted the majority of flow 
through the coarse layer. 
 The experiments with varying permeability layers in a complex pattern (i.e., 
disconnected coarse layers in the mixture) showed that the lengths and 
distribution of low permeability lenses dictated the distribution of air and thus 
played an important role in smouldering propagation. The effect of air channelling 
through high permeable pathways was dampened as the low permeability lenses 
were staggered and coarse lenses were disconnected throughout the column, 
resulting in more uniform air flux distribution and successful smouldering 
propagation.  
 Heat conduction and loss was another important factor, as a smouldering reaction 
with sufficient air flux might still quench with high heat losses. In Parallel 3, 
extinction in the low permeability layer was likely caused by lateral conductive 
heat transfer, or thermal coupling, from smouldering layer (low permeability) to 
treated layer (high permeability). In addition, thermal coupling affected the 
reaction in the coarse layer, as the smouldering reaction was slowed when heat 
was lost to an adjacent layer that was not smouldering. 
 The ISSM results agreed with expectations as the low air fluxes simulated in the 
low permeability layer should drive extinction. However, the effects of the 





which helped explain the discrepancies between model results and experimental 
observations in some cases. 
 Considering the practical implications of this work, smouldering should be 
successful in numerous heterogeneous scenarios; however, high permeability 
layers that are long in the direction of smouldering may lead to air channelling 
and smouldering failure in adjacent low permeability layers if attempts are made 
to treat both at once with a well screened over both layers. 
4.2 Recommendations  
As this study serves as an initial investigation in exploring the effect of intrinsic 
permeability and heterogeneity on smouldering propagation, there are some 
improvements and recommendations for future work.  
The following is recommended: 
 Additional parallel tests with low contrasting permeability ratio may be useful to 
identify a critical ratio, where smouldering in the fine layer can be self-sustained 
regardless of the smouldering condition in the parallel coarse layer. Besides, it 
would also be beneficial to explore the relationship between permeability ratio, air 
flux and reaction velocity in each layer to better understand the effect of thermal 
coupling on heterogeneity. 
 Since the experimental set-up here only considered simple layers in series and in 
parallel, which did not completely reproduce the complexity of real subsurface 





disconnected lenses. Modelling would be the most appropriate approach to 
explore these cases. 
 Since only solid GAC was studied in heterogeneous smouldering tests, this may 
not completely reproduce the actual smouldering performance in the field site, 
which typically contains liquid hydrocarbons that may flow, especially when 
heated and their viscosity decreases, which may also have high saturations, 
thereby also changing the air permeability. Therefore, a similar study with liquid 
fuels may be valuable, where fuel mobility should be well characterized. 
 The effect of scale needs to be investigated. As studied in previous research, the 
quenching limits are influenced by the system scale (Switzer et al., 2014). 
Increasing the scale may reduce the heat losses and increase the robustness of the 
fine layer reaction in layers in parallel tests. 
 Finally, a numerical model that incorporates heat transfer effects and handles 
permeability contrasts in multiple dimensions should be developed and then 
applied to smouldering simulations in order to provide further insight. 
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Appendix A: Supporting Information for Sand Properties 
Particle size distributions of three purchased silica sands (#12, #505 and #106) are 
summarized in Figure A-1, in which the results of silica sand #12 and #505 are from Bell 
& MacKenzie Co. Ltd, and the data for silica sand #106 is from the combination of 
hydrometer analysis and sieve analysis (140 mesh and 200 mesh). 
 
Figure A-1: Particle size distribution curve for silica sand #12, #505 and #106. 
The permeability and porosity of 33 sand mixtures with different constituents are 
summarized in Table A-1, in which permeability values were measured in a permeability 












Table A-1: Permeability and Porosity of Different Porous Media 
 
The repeated permeability tests from different batches of sand #33 were carried out based 
on ASTM D6539-00 (Table A-2), in which low Relative Standard Deviation (RSD) values 
reveal that the applied mixing procedure during the experiments produced homogeneous 
sand mixture. 
Table A-2: Repeatable Permeability Test for Sand #33 
 
Mixing various weight fractions of the sieved coarse and fine sands with the silica powder 





on Table A-1, Figures A-2, A-3 show changes of permeability and porosity of porous 
media as the mass fraction of fine materials in coarse materials (i.e., sieved fine into sieved 
coarse, powder into sieved fine).  
 
Figure A-2: Permeability changes as the mass fraction of fine materials. 
 
Figure A-3: Porosity changes as the mass fraction of fine materials. 
With respect to the permeability of sand mixture, it was dominated by the lowest 
permeability material inside, especially when the fraction of finer material exceeded one 
certain value, the permeability of mixture was close to the intrinsic permeability of the pure 
fine material. Permeability values calculated from the Kozeny-Carman equation (Equation 





trend of permeability changes as experimental results, indicating that the permeability was 
affected by not only the average particle size but also the porosity of the mixture.  
 
where  is the KC constant, which applied 5 here;  (m) is the mean diameter of 
hypothetical spherical solid particles with the same specific surface area. 
However, the permeability value from Kozeny-Carman equation was lower than the 
measurement value, this may be due to the underestimate of KC constant here. KC constant 
is an empirical value which is affected by porosity, microstructure of pores and capillaries. 
As for the porosity of the mixture, Figure A-3 shows that the porosity was not significantly 
affected by the size of sand particles either in the coarse mixture or fine mixture, the 
porosity of the mixture was low when sands were poorly sorted whereas it was high in 





Appendix B: Repeatability of Smouldering Reaction  
Figure B-1 shows the experimental set-ups for three scenarios: Column A with Upward 
Smouldering, Column B with Upward Smouldering and Column B with Downward 
Smouldering. Table B-1 shows the similar behaviours of three identical smouldering tests 
in Column A, and Column B with two opposite smouldering directions with the same GAC 
saturation (20 g GAC/kg Sand), same air flux (5 cm/s). The uncertainties of propagation 
velocity and average peak temperature in three tests were overlapping, revealing that there 
was no obvious difference of smouldering performance between different columns and 
















Figure B-1: Experiments of (a) Column A with Upward Smouldering, (b) Column B 

























                            (a)                                                                             (b) 
Figure C-2: Loading process for Parallel 1-3 and Complex: Disconnected Coarse, 
the coarse layer (yellow particles) and fine layer (white particles) were divided by a 
cardboard sheet, which was taken out before the smouldering. 
Figure C-1: (a) Smouldering Column A (Base Case, Parallel 1-3 and Complex: 





Figure C-3a shows that much GAC was left in the fine layer after smouldering in Parallel 
1, confirming no obvious smouldering reaction in the fine layer; Figure C-3b also shows 
much GAC was left in the fine layer whereas the base of fine layer was clean in post-
treatment Parallel 2, which was in accordance with the temperature profile, showing that 
the smouldering was ignited in the base of fine layer but unable to propagate upward 
successfully due to the limited air flux. Figure C-3c shows that fine layer was clean in the 
bottom whereas more remaining GAC was found as the height of fine layer after 
smouldering in Parallel 3, supporting the conclusion that the smouldering started and 
propagated but did not complete on the top of fine layer due to heat losses. Figure C-3d 
shows unburnt GAC near the edge of the fine layer in Complex: Disconnected Coarse, 
revealing the smouldering near the wall with limited air flux was insufficient to cover heat 
losses to sustain the stable smouldering reaction. 
(a) 













Figure C-3: Excavation of (a) Parallel 1, (b) Parallel 2, (c) Parallel 3 and (d) Complex: 
Disconnected Coarse after smouldering treatment, in which white particles were fine 






Appendix D: Pressure Changes during Experiments 
Homogeneous 1 (Extra Case) employed a single contaminated layer to explore pressure 
changes during the smouldering (Column B, upward smouldering, 20 g GAC/kg Sand, k = 
3.6 10-10 m2, 74.5 cm contaminated layer, 5.0 cm/s air flux). As shown in Figure D-1, 
four locations of pressure transducers (in order near TC1, TC9, TC16 and TC23) all got 
initial pressure values when the air was turned on and there existed the same pressure 
difference between each pair of adjacent PTs, which was correspond to the energy 
consumption for air passing through sands. With the evolution of smouldering, pressure 
started to increase obviously in sequence when smouldering reaction hit PT areas (TC1, 
TC9, TC16, TC23 = 200 ), red dots and orange lines represent these specific times.  
 
Figure D-1: Temperature and pressure profiles for Homogeneous 1. 
After 270 minutes, smouldering in the system was close to complete as evidenced by the 





until the whole column temperature went back to ambient, meaning the hot zone was 
shrinking. 
Since air flux was kept constant as 5.0 cm/s, pressure changes during smouldering were 
 
                                                     (2) 
Where  is volumetric flow rate (m3/s),  is pneumatic conductivity (m/s),  is cross-
sectional area of porous medium (m2),  is the drop of pneumatic head (m),  is the 
length of sample (m). 
Pneumatic conductivity is determined by Equation (3) and permeability is the property of 
porous media (assumed as a constant value during the smouldering), so it was clear that 
the substantial decrease of pneumatic conductivity resulted from the increase of kinematic 
viscosity of air (ratio of dynamic viscosity to density). PT1-PT4 only covered the area from 
TC1 to TC23, therefore all calculations in the following related to the kinematic viscosity 
and temperature were limited within this area (TC1-TC23; PT1-PT4), which was 
considered as the system scale.   
                                                          (3) 
Where  is intrinsic permeability (m2),  and  are the viscosity (kg/m/s) and density 






The density of dry air can be calculated using the ideal gas law, expressed as a function of 
temperature and pressure (Equation 4), where air inside the system was assumed as one 
same condition based on harmonic average temperature and pressure. 
                                                       (4) 
Where  is density of dry air (kg/m3),  is air pressure (Pa),  is specific gas 
constant for dry air, 287.05 (J/kg/K) and  is temperature (K). 
The calculation of viscosity 
the viscosity of air is the function of temperature:  
                                                   (5) 
Where  is the average static temperature of air (K),  is a reference value, 1.79 10-5 
kg/m/s, T0 is a reference temperature, 273.11 K and  is an effective temperature (K), 
called the Sutherland constant, which is characteristic of the gas, here  = 110.56 K. 
Figure D-2 shows real-time changes of dynamic viscosity, density and kinematic viscosity 
of air during the smouldering process. It reveals that all above parameters changed as the 
function of system temperature, and it is worthwhile to note that average system 
temperature reached the highest value around the same time when TC23 peaked, which 
means the hot zone actually kept expanding with an increasing thickness, even though 
simultaneously a part of post-treatment zone was cooling down. With the development of 
smouldering, average air density gradually decreased whereas average dynamic viscosity 





system; when smouldering was complete (average system temperature peaked), all density 
and viscosity values reached their own extreme point and went back to ambient. 
 
Figure D-2: Changes of the dynamic viscosity, density and kinematic viscosity of air 
during smouldering process for Homogeneous 1. 
Figure D-3 illustrates the relationship among changes of pressure drop, pneumatic 
conductivity and average system temperature, which confirms that temperature-related air 
property change (average density and viscosity) resulting in the decrease of pneumatic 
conductivity was the main impact on pressure changes during the smouldering process. 
That peaks of average system temperature and pressure drop being apart a little bit maybe 
was due to the fact that the average system temperature was overestimated since only 
temperatures in the center line of the column were recorded, which had a better thermal 







Figure D-3: Changes of pressure drop and pneumatic conductivity during 
smouldering process for Homogeneous 1. 
As shown in Figure D-1, there were several unsystematic dips during the increase of 
pressure, some dips occurred in all locations at the same time, but some dips only were 
observed in one or two pressure measurement areas. Figure D-3 shows that these pressure 
dips were not correspond to changes of pneumatic conductivity which assumed intrinsic 
permeability as a constant value during the smouldering. Since pressure gradient is 
supposed to be inversely proportional to the pneumatic conductivity under the condition of 
constant air flux, fixed permeability assumption may be the problem leading to the 
deviation during these dips; in other words, permeability may change during the 
smouldering because it removed GAC from the porous media, creating local preferential 
paths (causing lower permeability) that temporally reduced the pressure gradient. 
Nevertheless, the continuing smouldering kept expanding the hot zone and increased the 
average temperature that rebounded the pressure gradient in the system.   
Homogeneous 2 (Series 1) with a lower permeability sand layer was also conducted. As 





the air pressure started to increase when the smouldering reaction reached each height of 
four PTs and began to gradually reduce after the completion of smouldering. Due to lower 
permeability (3% of Homogeneous 1), the pressure value was obviously higher in 
Homogeneous 1 than Homogeneous 2 (1 order of magnitude higher).  
 
Figure D-4: Temperature and pressure profiles for Homogeneous 2. 
Compared with Homogeneous 1, the pressure profile is much smoother in Homogeneous 
2. The reason is that porous media used in Homogeneous 1 were directly from #12ST Silica 
Sand, whose particle sizes ranged from 0.15 mm to 2.00 mm (effective size = 0.88 mm); 
whereas Homogeneous 2 used Sieved Fine, whose particle sizes were only from 0.125 mm 
to 0.250 mm. Therefore, it reveals that the wide particle range or low uniformity was more 
likely to cause pressure fluctuations during the smouldering, which may be due to the fact 
that microcosmic heterogeneity in the low uniform porous media helped the development 





Figure D-5 illustrates the relationship between changes of pressure drop and pneumatic 
conductivity and average system temperature for Homogeneous 2, all of which reached 
their own extreme point around the same time, similar as Homogeneous 1, confirming the 
above conclusion.  
 
Figure D-5: Changes of pressure drop and pneumatic conductivity during 
smouldering process for Homogeneous 2. 
As shown in Figure D-6, Heterogeneous 1 (Series 2) and Heterogeneous 2 (Series 4) were 
employed to explore the vertical pressure performance in the heterogeneous situation, 
where smouldering first passed through the coarse layer and then propagated into the fine 
layer. In these two pressure profiles, some lines (e.g., PT1 and PT2) were overlapping 
because the pressure drop within the coarse layer was negligible compared with fine layer. 
The permeability of fine layer was around one order of magnitude higher in Heterogeneous 
1than Heterogeneous 2, so it is clear to see that the air pressure was also almost one order 
of magnitude higher in Heterogeneous 2 due to the same mixture height and same air flux. 
Besides, as shown in profile, most of the pressure increase occurred in the fine layer, 





system, whose change was more significant compared to the coarse layer with a small 
proportion of pressure gradient. And compared with Heterogeneous 1, pressure increase 
was more gentle during the smouldering in the fine layer in Heterogeneous 2, which can 
be explained by the lower peak temperature in this fine layer; lower peak temperature 
meant a slower increase rate of average system temperature, therefore the change of 
kinematic viscosity was also mild which further decreased the pressure increase rate. 
 
Figure D-6: Temperature and pressure profiles for Heterogeneous tests: (a) 
Heterogeneous 1 and (b) Heterogeneous 2. 
Heterogeneous 3 (Parallel 1) and Heterogeneous 4 (Parallel 3) were used to explore the 
horizontal pressure performance in the heterogeneous situation, where a 39.5 cm coarse 
zone (k = 1.3 10-9 m2) and a 39.5 cm fine zone (k1 = 1.9 10-11 m2; k3 = 4.5 10-10 m2) 
were put in parallel, PT2 and PT3 were inserted into the center of each zone at the same 
height. 
As shown in Figure D-7, it is clear that pressures were almost the same at one height either 





the cross-zone horizontal airflow, which was negligible in the strong vertical upward 
convective situation. Due to the similar pressure gradient in both coarse and fine layer, the 
ratio of airflow rates in two zones should be inversely proportional to the permeability ratio.  
There was one short period in both Heterogeneous 3 and Heterogeneous 4 when pressure 
of the coarse sand was higher than fine zone, which may be explained by a higher average 
system temperature in the coarse zone than fine zone, resulting in a more obvious increase 
of kinematic viscosity thus more significant pneumatic conductivity decrease in the coarse 
zone than fine zone. 
 
Figure D-7: Temperature and pressure profiles for Heterogeneous tests: (a) 
Heterogeneous 3 and (b) Heterogeneous 4. 
Heat Test without GAC smouldering was carried out to explore the pure temperature effect 
on the air pressure (90.0 cm tall column, convective heater, k = 1.3 10-9 m2, 11.0 cm/s 
airflow rate,). As shown in Figure D-8, in this case, air was injected into the column through 
the convective heater from the beginning, and airflow continuously transferred the heat 





when the balance was reached among the heat gained, stored and lost. After 260 minutes, 
the convective heater was turned off, then sand in the low area were gradually cooling 
down due to the injected cold airflow; whereas the temperature of high area kept similar 
and even increased a bit because of the energy supplied from below hot zone. After 420 
minutes, all areas started to cool down, which meant the hot zone was shrinking. Besides, 
compared with smouldering pressure profiles that had many dips, the pressure changes of 
the heat test were smooth, which confirmed that dips of pressure change resulted from the 
smouldering with the GAC removal (permeability changes). 
 
Figure D-8: Temperature and pressure profiles for Heat Test. 
Pressure profile shows different pressure behaviours from other smouldering tests, where 
pressures did not decrease at the same time when the heater was turned off. This behaviour 
can be explained by the expanding of hot zone, when the heater was turned off, the hot 





the average system temperature at the low height was cooling down, average temperature 
above other pressure transducers may be not, where the hot zone was expanding into their 
area, keeping decreasing the pneumatic conductivity until the hot zone reached the top. 
Figure D-9 shows different times of the bottom values of pneumatic conductivity of areas 
at different heights which correspond to different pressure drop peaks, where the 
corresponding target area of pneumatic conductivity was above each pressure transducer 
following the airflow direction until the top of the column, and the pressure drop was 
actually the reading of each pressure transducer since the outlet pressure was zero in the 
heat test. 
 






Appendix E: Summary of Principles of ISSM  
ISSM couples a three-dimensional, multi-phase DNAPL flow model, with a combustion 
reaction expansion model, whose procedure is summarized in Figure E-1. 
 






Here, DNAPL three-dimensional model first solves the air flux (i.e., at each node, ) for 
two immiscible fluids inside the porous media to get values of local air mass flux, , 
. As for two dimensional scenarios, the wetting 
and non-wetting phase mass conservation equations are obtained: 
               (6) 
              (7) 
Where  is the second order tensor defining the intrinsic permeability of porous media; 
 and  are relative permeabilities of the wetting and non-wetting phase;  and  
are viscosities of the wetting and non-wetting phase; ,   and  are wetting, non-
wetting phase pressures and capillary pressure, where ;  and  are 
densities of the wetting and non-wetting phase;  and  are saturation of wetting and 
non-wetting phase.  is gravitational acceleration;  is the porosity;  is time; and  and  
are the spatial coordinates.  
Equation 6 and 7 are solved numerically by a seven-point, node centered, finite difference 
scheme, with second-order accurate spatial operators and a first-order accurate derivative. 
Intrinsic permeabilities are calculated by using harmonic averages, and relative 
permeabilities are defined using saturations at the upstream node. Full Newton-Raphson 
iteration and a modified ORTHIM routine are employed to address the non-linear nature 
of the equations. Air fluxes solved from multiphase flow model are used to calculate the 





Then both  and NAPL saturation,  are used for the calculation of the 
velocity of local combustion reaction expansion, . In previous studies, the analytical 
model results show a good fit with experimental results for predicting the smouldering 
front velocity by adjusting key parameters related to the effective heat of smouldering and 
stoichiometry. Therefore a similar adjustment for ISSM is: 
          (8) 
Where  is the air mass flux; , and  are the specific heat constants for 
the gas, solid and NAPL phases respectively, where the temperature effects on the heat 
constant are not explored here;  and  are peak smouldering temperature and the 
ambient system temperature;  and  are the bulk density of the solid and density of 
the NAPL phase;  is the effective heat of smouldering;  is the oxygen/fuel overall 
stoichiometric coefficient;  is the initial mass fraction of oxygen present in the gas 
phase; finally  presents the calibration parameter in this adjustment determined by the 
minimum value of Root Mean Square Error between the experimental and numerical 
results. The threshold of the air flux for successful smouldering is assumed to be 0.5 cm/s 
in the model, even though it has not been experimentally determined. Therefore the 
comparison between calibrated and experimental results across a range of air fluxes for a 
given fuel and threshold of air flux for smouldering is used for the calibration experimental 
set. Based on Hottpad experiments data, the value  and were 
determined to minimize the difference between experimental and model-predicted 





After that, reaction velocities at each node, , are used in the reaction expansion model, 
- are generated along the perimeter to approximate the 
smouldering reaction expansion. At the end of the time step, the new combustion front is 
defined as the curve that envelopes all sub-ellipses (Figure E-2). 
 
Figure E-2: Illustration of the front expansion model. 
At specific time , the expansion rate of the combustion perimeter is defined by: 
                   (9) 
                (10) 
Where ,  are coordinates that defines the combustion front perimeter at time , and  is 
the angle between the sub-ellipse and the major axis of the ellipse ( );  is the 
direction of airflow relative to the -axis; ,  are the half of major and minor ellipse 
axis respectively;  is the distance between ellipse center and the ignition point at the 







equations to solve for the new combustion front perimeter at time .  
The initial condition is a small ellipse at the initial ignition location, which is: 
(11) 
(12) 
Where  and  are the initial dimensions of the ellipse. As shown in Figure E-3, after , 
the distance that a smouldering front moves from the initial location is determined by local 
variables , which are all functions of  and . Equations 11 and 12 are solved 
by forward and finite difference schemes respectively for the spatial derivative (central 
difference) and temporal derivative (forward difference). The local forward, lateral and 








After rearranging, above three equations can be transferred as following with constants 




All parameters of porous media and fluid used in simulations are shown in Table E-1 and 
E-2: 















Table E-2: Fluid and Porous Media Parameters Used in Simulations 
 
Finally, with the development of smouldering based on front expansion model, NAPL is 
removed from any nodes that behind the smouldering reaction, whereas the local air flux 
and NAPL saturation at each node must exceed the calibrated air flux extinction threshold, 
 (0.5 cm/s here) and saturation extinction threshold,  (2.4% here) to make 





Appendix F: Pressure Changes in ISSM 
Figure F-1 shows that pressure contours at the same height were not uniform, even in the 
same porous media, which followed the red bending curves in the figure; pressure was 
higher in the fine layer than coarse layer at the bottom of parallel layers, and then pressure 
values in two layers started to get closer until the halfway of mixture, above it, pressure in 
fine layer decreased faster than coarse layer until the top. Combined with air flux values, 
and it was found that on the upper surface of bottom layer (just below parallel layers), the 
air flux was slower below the fine layer than coarse layer due to the low permeability zone 
drop below the fine layer over the cross-section of bottom layer. Since pressure started 
from a plenum with a uniform distribution, the remaining pressure was higher on the upper 
surface of bottom layer below the fine zone. This was similar as the explanation for the 
pressure lines on the top of parallel layers.  
Based on Figure F-1 and above explanations, it was found that non-uniform pressure 
distribution occurred during the transition of major permeability change (bottom or top of 
the contaminated layers), in these areas, air may cross the layers horizontally by 
following at right angles of curved pressure lines. Due to several major permeability 
contrasts staggered in Complex: Disconnected Coarse, there were many curved pressure 
lines, thus air had more chances than Parallel 1 to pass through fine layers to sustain the 






Figure F-1: Air and pressure distributions (red dash-line) in Parallel 1-3 and two 
Complex cases: (a) Parallel 1, (b) Parallel 2, (c) Parallel 3, (d) Complex: Disconnected 
Coarse and (e) Complex: Connected Coarse. Each arrow is a velocity vector, with its 
magnitude expressed by length and direction expressed by orientation. Red dash lines 






Appendix G: Comparison of ISSM and Experimental Results 
Results from ISSM, Parallel 1-3 and Complex: Disconnected Coarse tests are compared at 
different time, in which experimental results were plotted based on the linear interpolation 
by Python with contours of 600 ; in ISSM, the pink area represents the presence of 
contaminants and the yellow area is shown as clean. This work is the first study to validate 
model simulations to experiments in certain cases. As shown in Figure G-1, arrows in the 
simulation map the distribution of air flux in the domain (the bigger size, the higher air 
flux), including a bottom layer (0 - 0.205 m height), a top clean layer (0.605 - 0.700 m 
height) and a contaminated layer (0.205 - 0.605 m height). The invasion of the yellow area 
into the pink area represents the smouldering reaction removing the contaminants. The 
animation of temperature data from experiments starts from the bottom of the contaminated 
area since there are no temperature data in the bottom clean layer in the experiments, and 
the area with warm colours within the contour (temperature  600 ) is the treatment zone, 






Figure G-1: Comparison of ISSM and Experimental results for Parallel 1 at 3060 
seconds. 
As shown in the following graphs, ISSM correctly predicted the smouldering behaviour in 
Parallel 1-2; and Complex: Disconnected Coarse had a similar smouldering behaviour in 
model and experiment; whereas the experimental results for Parallel 3 were different from 






























































Figure G-5: Comparison of ISSM and Experimental results for Complex: 
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